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Microstructural properties of Bi ,Sr,Ca,_;Cu,O, multilayers grown by molecular beam epitaxy

A. Vailionis, A. Brazdeikis, and A. S. Flodstno
Materials Physics, Department of Physics, Royal Institute of Technology, S-100 44 Stockholm, Sweden
(Received 6 August 1996

The microstructure of BBr,Ca,_,Cu,0, multilayers grown by molecular beam epitaxy on atomically flat
SrTiO; substrates has been studied by reflection high-energy electron diffrd@®EED), atomic force
microscopy, and x-ray-diffractiofXRD) techniques. The overall RHEED data, collectedsitu at different
Bi,Sr,CuQ,/Bi,Sr,CaCyO, (2201/2212 multilayer growth stages, demonstrated a two-dimensional growth
and rather a high quality of the interfaces. Following the evolution of RHEED patterns, some evidence of an
increase in surface roughness after several multilayer periods, was detected. A one-dimensional x-ray-
diffraction model was applied for a quantitative analysis of growth defects in the multilayers. The substitu-
tional disorder in the lattice and stacking faults in the molecular layers were determined by an iterative
comparison of simulated x-ray-diffraction spectra with the experimental XRD data. The observed changes in
the c-axis lattice parameter of 2201 molecular layers were interpreted as being caused by ionic substitutions of
St by C&" in the lattice and governed by the growth interdiffusion. The fitting procedure also revealed that
two types of growth disorder were present in the layéts:stacking faults randomly distributed within the
layers and(2) stacking faults localized at the interfaces. The two types of growth defect are expected to
influence the superconducting properties differently and this has to be considered before the transport proper-
ties of superconducting multilayers are studigs0163-18206)10145-4

INTRODUCTION is primarily dependent on the substrate nature and its surface
quality and is affected by lattice misfit, interdiffusion, and in
Multilayers of conventional superconductors have beersome cases the oxygen stoichioméefy?°
extensively studied both for fundamental research and for Many techniques have been used for the structural analy-
device applications. The artificially layered structures exhibitsis of bulk HTS materials. Only a few of them have so far
a number of interesting effects such as a dimensional crosgreen applied to the quantitative structural study of thin films.
over and the proximity effect® Multilayers of high-  Transmission electron microscopyEM) is particularly use-
temperature superconductdtsTS’s) offer further possibili-  fyl in revealing details on a micrometer scale and down to an
ties of studying these and also other effects, such as thgomic scale. Due to its relatively small probing volume,
Kosterlitz-Thouless transition and the electric-field effeét. however, this technique is not very suitable for obtaining
Various film synthesis techniques have so far been employegverage quantitative information about interfaces and the
for the fabrication of superconducting multilayers, of which ynit-cell structure of the entire film. Reflection high-energy
the most common are magnetron sputtefind, laser  electron diffraction(RHEED) is widely used for thén situ
ablation!! and molecular beam epitaxi¥'BE).}?> These ad- analysis of surface structure and morphology and growth ori-
vanced techniques, especially MBE, provide the opportunityentations. Thin-film and substrate surfaces can also be suc-
of producing high-quality multilayers, but the complexity of cessfully studied by scanning probe techniques such as scan-
the crystal structure and the multielement nature of thening tunneling microscopy(STM) and atomic force
high-T, cuprates makes reproducible preparation rather a difmicroscopy(AFM) and these techniques can provide quan-
ficult task. The BjSr,Ca,_,Cu,0, compounds are very suit- titative data about the surface roughness. Both RHEED and
able for fabricating HTS multilayers for many device appli- scanning probe techniques are surface sensitive and it is
cations and also as layered model systems for growttherefore a complicated procedure to extract knowledge
studies, due to the presence of several constituent phasabout intergrowth defects. X-ray-diffraction is a nondestruc-
exhibiting similar and lattice-matched crystal structures, andive method for structural analysis and it provides useful in-
possessing different, valuest®!? formation about film microstructure and, because of its large
It is known that the transport properties of HTS materialspenetration depth, it can also provide average structural data.
are sensitive to the overall structural quality and to the numA combination of these techniques exhibiting different reso-
ber of growth defects such as ionic substitutions, stackindutions can be a powerful tool for the quantitative micro-
faults, and oxygen stoichiometty!* Many of these imper- structural analysis of complex oxide films and multilayers.
fections are common defects in Br,Cg,_,Cy,0, com-  Most structural studies have so far been performed on the
pounds. The cationic substitutions that are related to the unitYBa,Cu;0;_ /RBa,Cu;0,_5 (R=rare earth superconduct-
cell disorder can affect some interplanar distances in théing multilayers where the microstructural quality was studied
lattice?® Stacking faults(SP are often formed during film by transmission electron microscofy?! x-ray diffraction
growth because of the very similar free energies of formationtXRD)?>?*and atomic force microscopy:>* There is a lack
of the adjacent phasé&!’ In multilayer structures, in addi- of quantitative structural data for Bi-based superconducting
tion, defects can occur at the interfaces. The interface qualitynultilayers, although the physical properties have been ex-
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FIG. 2. Schematic representations of a 2201/2212 multilayer
containing growth defects ofa) randomly distributed stacking
faults and(b) stacking faults localized at the interfac@sterface
roughnesp

keV RHEED. More detailed information concerning the
combined MBE/AFM/STM system, the substrate surfaces,
FIG. 1. A schematic model of a 2201/2212 multilayer. Eachand their preparation conditions can be found elsewflere.

bilayer containsVl andN molecular units of 2212 and 2201 stuc-  After the multilayer growth, their microstructure was
tures, respectively. Each molecular unit consists of a certain numbétudied by XRD. The experimental data were collected uti-
of BiO, SrO, CuO, and Ca planes(q), b} andF 2(q), b? are the lizing an x-ray powder diffractometer in the Bragg-Brentano
structure factors and BiO-BiO distances of 2212 and 2201 molecudeometry using CuKa radiation (A=1.5406 A and
lar units, respectively. equipped with a graphite monochromator for a diffracted
beam. The data were further used for a quantitative micro-
tensively studied®?>?¢To fill in this gap, detailed micro- Structural analysis of these multilayers by the application of a
structural investigations combining several complementar@ne-dimensional kinematic x-ray-diffraction modelA de-
analysis techniques are necessary. tailed mathematical formalism of the model developed for
In the present study, the microstructure of MBE-grown thin Bi;SpCa,_,Cu0, films and multilayers has been pub-
Bi,Sr,CuQ,/Bi,Sr,CaCuy0, (2201/2212 multilayers has lished elsewher&>! For the structure factor calculz_mons, a
been analyzed by a combination of RHEED, AFM, and XRDModel structure of a BSL,CuQ,/Bi,Sp,CaCy0, multilayer
techniques. A one-dimensional kinematic x-ray-diffraction(Shown in Fig. 1 has been used. The multilayer consist&of
model was applied to obtain quantitative information aboutmolecular units of 2201 antfl molecular units of 2212 as-
the structural quality of the multilayers. A unit-cell disorder Sembled in the direction perpendicular to the substrate sur-
as well as growth defects in individual 2201 and 2212 layerdace. Each molecular unit considered represents half of
were observed. Two different types of growth disorder werethe unit cell of the corresponding bulk phagdl corrections
resolved:(1) stacking faults randomly distributed in the lay- Such as the Debye-Waller coefficient, Lorentz-polarization,
ers and(2) stacking faults localized at the interfaces. and absorption factors were considered. The calculated
x-ray-diffraction profiles were compared with the measured
XRD spectra using the following fitting parameters: interpla-
EXPERIMENTAL nar distances and site occupancies in the unit cell, and the
The experiments were conducted in a combined MBENUMber c_)f stacking faults irj a I_ayer. Two different types of
AFM/STM system, custom designed for the study of growthd"oWth disorder as shown in Figs(a and 2b) were con-
mechanisms, interfaces, and surfaces of complex metal oxididered:(1) stacking faults randomly distributed within lay-
films and HTS-related materiad%2® Superconducting multi- €S @nd(2) stacking faults localized at the interfaces. The
layers were grown using a layer-controlled MBE technique_grOWth dlso_rder is con5|de_red to be a discrete (_j|sorder result-
on UHV-annealed and well-characterized SrTi@00) sub- ing from different crysta_lllne_ structuréé. The interplanar
strates. Molecular beams of Bi, Sr, Ca, and Cu were prodistancesd, ;, as shown in Fig. 1 are assumed to vary con-
vided from Knudsen-type effusion cells using high purity tinuously around some averagk value according to the
metals.In situ oxidation of the deposited species at the sub-Caussian distribution function.
strate temperatures of 650—720 °C was achieved using nitro-
gen dioxide, NQ, gas. Prior to the growth, the quality of the
substrate surface was examined by an AFM operating in a
contact mode and using j8i, cantilevers with a typical tip Typical SrTiO; (100 surfaces prepared by annealing in
radius of 20 nm. During the growth, the evolution of inter- an UHV displayed regular arrays of 0.4 nm steps spaced by
face structure and morphology was monitomesitu by a 15  flat terraces of about 100-400 nm. Such surfaces and the

RESULTS AND DISCUSSION
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FIG. 3. In situ recorded RHEED patterns of
resulting 2201-2212 and 2212-2201 interfaces of
a 220%/2212, multilayer. Patternga and (b)
were recorded after the growth of three molecular
layers of 2201 on SrTiQ Patterns(c) and (d)
were recorded after the growth of the next four
molecular layers of 2212. The imagé€a), (c)
were taken along thgl00] and(b), (d) along the
[110] azimuths of SITiQ.

corresponding RHEED patterns obtained were very simila2201 and 2212 molecular layers.
to those already published elsewhé&teEach 2201/2212 The calculated high-angle x-ray diffraction profile of a
multilayer growth began with the predeposition of Sr mono-perfect(2201/2212,), multilayer is shown in Fig. &). Al-
layer followed by Cu and Sr, thus resulting in abrupt inter-though the simulated spectra have the same qualitative fea-
faces between the SrTiQ100 surfaces and the first 2201 tures as the measured profileig. 5(b)], some discrepancies
molecular layers. Figure 3 shows RHEED patterns of thén the linewidths and in the relative intensities of main and
resulting 2201-2212 and 2212-2201 interfaces of asatellite peaks can be observed. The measured XRD profiles
2201,/2212, multilayer recordedn situ after the growth of  exhibit somewhat lower peak intensities and broader
three molecular units of 220f(@) and (b)] and the further linewidths. Such features can only be explained by a reduced
growth of the next four molecular units of 220@) and(d)].  crystalline order in the multilayer due to structural imperfec-
The (a) and(c) images were taken alorfd00], and(b) and  tions in the film.
(d) along the[110] SrTiO; azimuths. The two-dimensional  Figures §a) and @b) represent the calculated intensities
(2D) RHEED patterns obtained suggest that the multilayemnd linewidths of the fourth and sixth multilayer peaks as a
growth on SrTiQ (100 surfaces occurs in the form of large function of a discrete disorder. Evidently both stacking faults
2D islands. In addition, many 2201 and 2212 bulk featuresand interface roughness affect the shape of the peaks. The
such as the incommensurate modulations and the presenceinfensities and the linewidths are found, however, to be more
90°-oriented twist domains are clearly resolved by RHEED sensitive to the randomly populated SF than to that localized
These features are visible as the satellite reflections suat the interfaces. The shapes of the satellite peaks are also
rounding the main reciprocal-lattice rod&igs. 3a) and  found to be affected in a similar manner. The observed fea-
3(c)] and also as the prominent splittingh form) of the
lattice rods[Figs. 3b) and 3d)]. The overall RHEED data
indicate a rather high quality of the interfaces. An intensity
distribution visible along the fundamental reflections, espe-
cially in the case of the 2212 surface, indicates however that
there is some degree of interface roughness. The interface
roughness is observed to increase after several multilayer
periods, although no significant changes from 2D RHEED
patterns were obtained.

A low-angle XRD spectrum of a 2292212, multilayer
is presented in Fig. 4. Eminent fringe-type oscillatigkfes-
sig fringes which are rather high in amplitude, and the
Bragg diffraction peaks corresponding to 2201, 2212, and
2201/2212 structures are clearly visible. These interference
oscillations occur when coherent and parallel x-ray waves
interfere if they are diffracted from atomic layers and well-
defined interfaces. Experimental low-angle XRD data indi- 20 (degrees)
cate that a periodic chemical modulation in 2201/2212 mul-
tilayers is evidently maintained. The estimat@dm fringe FIG. 4. Low-angle XRD spectrum of &2201/2212),
spacing,A6) total multilayer thickness was in a good agree-multilayer. The Kiessig-type fringes and Bragg peaks correspond-
ment with the growth design of the corresponding individualing to the 2201, 2212, and 2201/2212 periods are visible.

2201

2201/2212
2212

" Intensity (arb. units)

45 50 55 60 65 70 75 80
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the sixth main peaks of €201,/2212,),5 multilayer as a function

of the discrete disorder. The solid line indicates randomly distrib-
uted stacking faults, and the dashed line indicates stacking faults
localized at the interface@nterface roughne$sThe intensities are
normalized to the fifth peak intensity.

FIG. 5. High-angle x-ray-diffraction spectra 0f{2201/2212),
multilayer: (a) calculated spectrum of a perfect multilayés) mea-
sured data, an¢t) refined spectrum.

Intensity, (arb. units)

tures can be explained as being due to a suppression of ti{§1€re A is the wavelength of x rayl.5406 A, 9is the
long-range crystalline ordefcoherencg either at the inter- Bragg angle, and is the order of the satellite peak surround-
faces or in the layers when SF are created and these featurl8d the main peak. The value for a 2201/2212 multilayer is
can apparently be used for studying these defects in thifVen by
films. The sensitivity is large enough to distinguish the stack-
ing faults from the interface roughness for 2201/2212 multi- C2201 C2212
layers withM, N=2. It can be understood from Fig(8, d={N TMH\A 1915 / (N+M), @
that there are limitations for multilayers witM, N=1,
where any layer thickness fluctuation of the order of onewherecCyy01, 2001 @aNA Cy015, |01, are thec-axis lengths and
molecular unit of 2201 or 2212 is considered to be adequatghe Miller indices of 2201 and 2212 molecular units, respec-
to SF in the layers. tively.
Calculations also revealed that the satellite peak intensi-
ties surrounding the fifth multilayer peak of the 2201/2212
multilayer (Fig. 7) are very sensitive to the-axis parameter
value of the constituent molecular units. The simulated
x-ray-diffraction profile exhibits rather a large suppression of
these satellite peaks when thexis lattice parameter is con-
sidered to be either contracted for the 2201 molecular unit or
expanded for the 2212 unit, compared to the corresponding
parameters of the bulk compounds. This is demonstrated in
the case of th€2201/2212),, multilayer in Figs. Tb) and
7(c) where the 2201 molecular unit is contracted from 24.62
to 24.3 A and the 2212 molecular unit is expanded from
30.87 to 31.27 A, respectively. In addition to this suppres-
sion, a change in the-axis parameter also induces a shift of , : :
the XRD peaksy(1) towards higher angles when the 2201 20 25 30 35 40
molecular unit is considered to be contracted ét)dowards 20, (degrees)
lower angles when the 2212 molecular unit is considered to
be expanded, according to the following relation: FIG. 7. Calculated x-ray-diffraction profile of @20%/2212,);,
. multilayer. Thec-axis lattice parameters of 2201 and 2212 molecu-
2 sing _ L -+ (1) lar units were considered to lte) 24.62 and 30.87 A(b) 24.3 and
30.87 A, and(c) 24.62 and 31.27 A, respectively.

n
N d A’
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TABLE |. Refined parameters for selected 2201/2212 multilayers. Number of dégtatking faults and interface roughnessrre-
sponds to the number of molecular units of adjacent phases distributed within the layer per unit volume.

2201 layers 2212 layers
Number of Interface Number of Number of Interface
defects roughness integrowth defects roughness
Number of  related to the at the defects related to the at the
Unit-cell  integrowth surface 2201-2212  Unit-cell (%) surface 2212-2201
Sample length defects roughness interface length - roughness interfate
2201/2212 A) (%) (%) (%) (A) 2201 2223 (%) (%)
3/4x4 24.41 0 15 15 30.87 3 17 15 35
2/2Xx9 24.38 0 18 18 30.87 6 22 18 46
1/3xX15 24.40 20 30.87 5 21 20 46

#The interface roughness represents a sum of intergrowth defects within the corresponding layer and defects related to the surface roughness

A fitted x-ray-diffraction profile of the(2201/2212),  uniform distribution of stacking faults within the sequentially
multilayer is shown in Figs. (). Both peak intensities and assembled molecular layers. As can be seen in Table I, more
linewidths are reproduced rather well. The refimesxis lat-  intergrowth defects were localized at the interfaces than were
tice parameters, the type and the number of defects in sonfbserved within the layers. The stacking faults at the inter-
2201/2212 multilayers are listed in Table I. The fitting pro- faces can simply be attributed to the increase in interface
cedure revealed that, for most of the multilayers investigatedoughness. Its origin is probably related both to local varia-
here, the average-axis lattice parameter of the 2201 mo- tions in stoichiometry of the growth surface and to the layer

lecular unit is somewhat smaller than that of the 2201 bulidurface roughness itself. It has been already demonstrated

compound. It is suggested that this feature is possibly relatet@t local nonstoichiometry leads to stacking faults of adja-

to the SF* substitutions by C& ions in the lattice, since cent phases in 221 .The surface roughness is related to the

- - -called “half-unit-cell-by-half-unit-cell” growth mode of
similar results were observed for MBE-grown 2212 filfis. S0-ca ) 4 .
Such substitutional disorder does affect an average 2212 Ia?—?r;m 220#\ and 22t1hZ, ‘t’)\'h'.Ch r}aslggz%pre\é'%uﬁa d;s%g_sged by
tice by expansion of the Ca-CuO and contraction of the srofther authors on the basis o an Stugies.

CuO interplanar distances, while theaxis lattice parameter The present result is in good agreement with the earlier

remains unchanged. In the case of a 2201 layer, as can @EED observations, predicting an increase in 2201-2212

seen in Fig. 1, the BiO-SrO and the SrO-CuO distances gednd 2212-2201 interface roughness after the growth of sev-

fine the lattice in thec-axis direction and any change in the eral multilayer periods.

occupational parameter of the Sr site should thus affect the In ‘?‘dq't'on' a d|sor_der related to the continuous fluctua-
c-axis length. tions in interplanar distances of 2201 and 2212 molecular

It is expected that the substitutions ofSions by C&* units was observed. This structural imperfection occurs be-
cause of the random scatter of interplane distandes

resolved in the 2201 layers are governed by the growth in- dth | d by local i focti
terdiffusion, which is rather high at these elevated substrat round the avc_eragdzr values caused by local Imperfections.
hese fluctuations, however, appeared to be no greater than

temperatures. In the case of layer-controlled growth, interdif-

70.06 A

fusion is undesirable because the growth kinetics are e Itis k that stacking faults affect qucti
pected to dominate over the thermodynaniithe interdif- IS known that Stacking faults ariect a superconaucting
ansition of Bi-based superconducting cuprafe$.Typical

; r
fusion rate seems to be much lower than the rate of th%_C values of the 2212 phase are about 85 K, while that for

surface diffusion, as epitaxial film growth is evidently )
achieved, and the designed multilayer structure is mainiEhe 2201 phase are typically lower than 20 K. As can be seen

tained. Another factor which can cause changes irctagis in Fig. 2a), the presence Of. 2201 structures in 2212 _Iay.e.rs as
lattice parameter is related to the oxidation level of 2201. randomly populated stacking faults can have a significant

This possibility is however discarded because the same Ongfect on the current ﬂ.OW' Thls_t_ype of defect is expecte_d to
dation conditions were maintained during the growth foré.“cfect a superconducting transition. A more favorqble situa-
both 2201 and 2212 layers and the measured 2212 Iay(I,*'lpn occurs wh_en the S.F are localized only at the mterfaqes,
c-axis lattice parameter was unchanged. as _shoyvn in Fig. @), since the rest qf the 2212 layers still
The linewich of high-angle XRD peaks resulting from a M@ a defect-free structure. in fhis case, the curent flow
: in the (@b) plane may not interfere wi e low;
BioStCa, 1 CY,0y structure can be affected by the presence hase, and such 2201/2212 multilayers are expécted to ex-

of intergrowth defects, mainly of adjacent phases randomly . " L :
created within the layers. These defects occur because of t bit the intrinsic transport properties of the 2212. phase, put
ith a reduced layer thickness. Further experiments with

very similar thermodynamic free energies of the adjacen . : ; i L
polytype phases and, in the case of MBE-grown 2212 films 201/22;2 superconductlng multilayers in relation to this in-
terpretation are presently in progress.

it has been discussed in detail elsewhérehe probability of

stacking fault formation is rather high in 2212 layers and CONCLUSIONS
much lower in 2201 layers, because 2201 is one of the most
stable phases among other polyty 2212 and 22283 The microstructure of 2201/2212 multilayers grown on

XRD modeling also suggested that there would be a nonatomically flat substrates by MBE was studied using
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RHEED, AFM, and XRD techniquesn situ RHEED images roughness The observed larger concentration of stacking
revealed a two-dimensional growth and a slightly increase idaults at the interfaces is attributed to the surface roughness
interface roughness as the growth proceeded. A onesf one molecular unit height distinct for the Bi-based films.
dimensional kinematic x-ray-diffraction model was applied The intergrowth defects in the layers and the interface rough-
to provide a quantitative analysis of the growth defects in theness are expected to influence the multilayer superconduct-
superconducting multilayers. The disorder both in the unitng properties in different way and, this must be taken into

cell and in the layers was determined by an iterative fitting Ofconsideration when transport properties are interpreted.
a simulated x-ray-diffraction profile to the measured XRD

spectra. The observed shorteraxis lattice parameter of

2201 _mo_lecular layers is interpreted as b_elng qaus_ed by ionic ACKNOWLEDGMENTS

substitutions governed by the growth interdiffusion. Two
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