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Growth-kinetics-induced structural disorder in Bi,(Sr;_, Ca,);Cu,0, thin films studied
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Thin films of Bi,(Sr,_,Ca,);Cu,0, grown in situ by molecular-beam epitaxy have been studied by x-
ray diffraction. The experimental results were interpreted using a general one-dimensional kinematic x-
ray-diffraction model. An accurate determination of the lattice structure and of the distribution of the
different atoms on the lattice sites is obtained. The model uniquely reconstructs a large substitution be-
tween Ca?* and Sr?* at the Ca and Sr lattice sites. The model also predicts an expansion of the CuO,-
CuO, and a contraction of the SrO-CuQ, interplanar distances compared with x-ray-diffraction data re-
ported from bulk single crystals. The large atomic substitution between different lattice sites is attribut-
ed to the growth kinetics, which for molecular-beam epitaxy plays a major role in forming the growing
epitaxial structure, due to the low interaction energy between the thermal atom beams and the substrate
surface inherent to the molecular-beam epitaxy process. This structural disorder is interpreted as caus-
ing the suppressed superconducting transition temperatures, T,’s and the broad superconducting transi-
tion widths, AT,’s observed for Bi,(Sr,_, Ca, );Cu,0, films grown by molecular-beam epitaxy compared
with films fabricated by magnetron sputtering or laser ablation. The relation between the structural dis-
order and the superconducting properties is discussed.
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I. INTRODUCTION

The discovery of superconductivity in the Bi-Sr-Ca-
Cu-O system! initiated structural studies which revealed
the presence of CuO, planes as a common feature of this
class of high-T, cuprate superconductors.?”* Because of
possible differences in the copper coordination within the
planes as well as differences in the interlayer coupling be-
tween them, both of which are important for the super-
conductivity,’ a knowledge of the structural disorder
caused by cationic substitution in these compounds and
its consequences for the lattice structure is important.
The Bi-based cuprates with the generic formula
Bi,Sr,Ca, _;Cu, O, have strongly anisotropic layered
structures that are composed of stacked planes of BiO,
SrO, CuO,, and Ca. The stacking order of the planes can
lead to a variety of superconducting phases characterized
by the number of CuO, and Ca planes in the unit cell.
The phase responsible for the T, =80 K superconductivi-
ty is known to have the composition
Bi,(Sr,_,Ca, );Cu,0O4.5 the ideal composition being
Bi,Sr,CaCu,0;3,5 (Bi-2212). The superconducting
current in the Bi-2212 phase is carried by the two two-
dimensional CuO, planes in each half of the unit cell and
the Bi,0, layers act as the necessary reservoirs providing
the superconducting carriers.%’ Sr’* and Ca?* ions are
known to substitute for each other without causing
changes in the lattice structure or precipitation of secon-
dary phases in the Bi-2212 compound.®® Such substitu-
tions do not affect the formal valency of the copper, but
they are expected to push apart adjacent CuO, planes due
to differences in ionic radii. Substitutions may also occur
in the BiO planes, where Bi’*t ions can be replaced by
Ca’* and/or Sr?*.310 The importance of these substitu-
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tions on the superconductivity in the Bi-based cuprates is
not clear and needs to be further investigated. There are
other aspects that have been studied for bulk materials
that need to be examined for epitaxial high-T, thin films.
In contrast to ordinary bulk synthesis, thin-film synthesis
is not a thermodynamic equilibrium process, and it is ex-
pected that growth kinetics will play a major role in the
formation of the films. The synthesis of highly metasta-
ble phases which cannot be obtained as bulk materials as
well as the site-selective doping of CuO, planes become
possible by epitaxial thin-film synthesis. In fact, the
preparation conditions may drastically affect the
structural properties of the films. The substitutional dis-
order may agglomerate and negatively affect the super-
conducting properties. However, if properly understood,
the effects may also be used to accomplish positive goals
such as the enhancement of thin-film device performance
or process yields. The understanding of these relation-
ships needs a comprehensive analysis. The intention of
the present study has been to investigate the structural
disorder induced in Bi,(Sr,_,Ca, );Cu,0, thin films due
to the growth kinetics. For this purpose, a general one-
dimensional kinematic x-ray-diffraction (XRD) model
commonly used for the study of superlattice structures!!
was extended and applied to Biy(Sr,_, Ca, );Cu,0,.

II. EXPERIMENT

Films were grown by molecular-beam epitaxy (MBE)
using a technique described in detail elsewhere.'> Thin
films of the Bi-2212 crystal structure were formed by in
situ oxidation of the evaporated metallic components on
(100)-oriented MgO substrates at temperatures of 690 °C.
Typical film thicknesses were about 30 nm. After the
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MBE growth, the surface crystallography was studied by
in situ reflection high-energy electron diffraction
(RHEED). XRD analysis was used to verify the quality
of epitaxy, to determine the c-axis lattice parameter, and
to study the phase purity of the films. XRD spectra were
recorded using a Siemens D5000 x-ray diffractometer in
the Bragg-Brentano geometry using Cu Ka radiation
(A=1.5406 A). The ultimate resolution was A®=0.02".
A separate alignment correction was made for each sam-
ple. Chemical compositions were obtained from energy
dispersive x-ray spectroscopy. The electrical resistivity
was measured using a conventional four-probe method
and applying the 1-uV/cm criterion.

The one-dimensional kinematic x-ray-diffraction model
used in the present study was developed for superlattices
and for Y-Ba-Cu-O superconducting thin films by Fuller-
ton et al.!! A detailed mathematical formalism of the
model adapted to the Bi-2212 structure is given in the
Appendix. Briefly, the unit-cell structure of Bi-2212 is
layered and composed of stacked planes of BiO, SrO,
CuO,, and Ca, as shown in Fig. 1. For the model calcula-
tions, the layer sequence of half the unit cell is written as
-BiO-SrO-Cu0,-Ca-CuO,-SrO-BiO-. Figure 2 illustrates
a Bi-2212 film which is represented as a superlattice with
M stacked bilayers of BiO, SrO, CuO,, and single Ca
planes. The spacing between r and (r +1) planes in the
Jjth layer is d,;. Each layer is separated by a BiO-BiO dis-
tance dg;;. The rth plane of the jth layer is characterized
by the scattering power f,;(q). All corrections, such as

@® - Bi
.-Sr
@ - Ca
e - Cu
O-0

FIG. 1. The crystal structure of Bi,Sr,Ca,;Cu,0; phase which
consists of the BiO, SrO, CuO,, and Ca planes (schematic).
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Debye-Waller coefficient, Lorentz-polarization, and ab-
sorption factors, are included. Since the measured XRD
profiles exhibited Gaussian-type peak shapes, only a
Gaussian distribution function was involved in the model
to refine the structure. The structure factor and the total
scattering intensity calculations are presented in the Ap-
pendix. The interplanar distances between BiO, SrO, and
CuO, planes and the in-plane atomic substitutions of Bi,
Sr, and Ca were used as fitting parameters.

III. RESULTS

In situ recorded RHEED images showed a clear two-
dimensional surface pattern with the incommensurate
modulation and 90°-oriented grain boundaries along [100]
and [110] azimuth of the MgO (100) substrate.'* T, .., of
65-75 K with superconducting transition onset tempera-
tures at 80 K were routinely achieved. The full width at
half maximum of the (0010) rocking curves was in all
cases close to 0.3°. The diffraction data reflect the high
quality of the out-of-plane epitaxy of the films. The c-
axis lattice parameter was for all the samples close to
30.8 A, identical to that observed for bulk Bi-2212. For
some films, weak impurity peaks originating from CuO
(111) plane diffraction appeared in the XRD scans.
High-resolution electron microscopy (HREM) studies

BiO
SrO
2 CuO.
F @ ca
CuO,
SrO
BiO

BiO
SrO
1 CuO,
F @ ca
Cqu
SrO
] BiO

Bi, j

BiO
SrO
2 CI.IO2
F'(q) ca
CuO.
2
SrO
C, BiO

s o

rj

1

Bi, j

BiO
SrO
1 CuO,
F'(a) Ca
CuO,
2
SrO
y BiO

.

M=z
a

rj

1

-

FIG. 2. Model of Bi-2212 thin film represented as a superlat-
tice. The jth bilayer includes two half unit cells with structure
factors F)(q) and F}gq). Each layer is separated by BiO-BiO
distances dg; ;. The thickness of the bilayer is equal to the unit-
cell length c;.
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confirmed the RHEED data concerning the incommensu-
rate modulations along the [110] direction and the a-b
plane twinning.!? Stacking faults in which some layers of
-Cu0O,-Ca-CuO,- were replaced by layers of -CuO,-Ca-
Cu0,-Ca-CuO,- (2223) and/or -CuO,- (2201) were ob-
served only rarely in the HREM images. The fitting of
XRD profiles implied that the number of stacking faults
was less than 10% in all the samples investigated. In
fact, both XRD data and HREM cross-sectional images
showed that the CuO-rich impurities appear only as iso-
lated surface precipitates or localized at the substrate-film
interface, and in both cases only at a low volume fraction.
Neither the small quantities of impurity precipitates nor
the low density of stacking faults is believed to influence
the superconducting properties, i.e., the depressed T,’s or
the broad superconducting transitions of the films.

A calculated XRD spectrum of a Bi-2212 film with a
thickness of 10 unit cells using atomic positions obtained
from bulk Bi-2212 single crystals® (hereafter denoted as
“ideal”) is shown in Fig. 3(a). The comparison between
calculated and measured XRD spectra was performed
only for high diffraction angles due to the limitations of
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FIG. 3. Measured (open circles) and calculated (solid lines)
x-ray-diffraction profiles of Bi-2212 thin film: (a) “ideal” film
consisting of M =10 unit cells, refined spectra of the No. 166
sample on (b) a linear and (c) a logarithmic scale. All profiles
are normalized to the (008) peak intensity.
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the kinematic model for low diffraction angles. Figures
3(b) and 3(c) display the measured XRD spectra of the
No. 166 sample (open circles) and the corresponding
fitted spectra (solid lines) on a linear and logarithmic
scale, respectively. The peak positions, the relative inten-
sities and the linewidths of the measured XRD spectrum
are reproduced quite well. To fit the experimental profile,
continuous interplanar distance fluctuations around
0.04 A as well as the presence of 3.5% of Bi-2201 and
4.6% of Bi-2223 structures as stacking faults are re-
quired.!* As can readily be seen in Figs. 3(a) (“ideal”)
and 3(b) (experimental), there are a number of discrepan-
cies in the relative peak intensities between the experi-
mental and the “ideal” spectra. In particular, the (0012)
peak intensity is suppressed in relation to the (0010) peak
intensity in the experimental data compared with the
simulated “ideal” x-ray-diffraction spectrum. The quoted
and displayed structural features are typical among the
large number of samples grown in the same way and are
generally valid for MBE-grown films. According to the
simulations, the interplanar CuO,-CuO, distances should
be expanded from 3.3 to 3.4 A and the SrO-CuO, dis-
tances should be contracted from 1.7 to 1.6 A compared
with the “ideal” positions in the bulk Bi-2212 single crys-
tals. The Ca sites must be partly populated by Sr** ions,
and the Sr sites must be partly populated by Bi** and/or
Ca’" ions, see Table I.

IV. DISCUSSION

In general, the MBE-grown, Bi-based cuprate films ex-
hibit somewhat lower T,.’s and broader transition widths,
AT,s than the magnetron-sputtered or laser-ablated
films.'> The broad superconducting transition of Bi-
based thin films has often been associated with the pres-
ence of stacking faults,'®!” nonuniform oxygenation,'>!?
unintentional molybdenum contamination,'>?° or cation-
ic nonstoichiometry.!”?! It is apparent from both HREM
and XRD data that the density of stacking faults is quite
low and it therefore seems improbable that stacking
faults or phase intergrowths cause the large AT, ’s transi-
tions. Low-temperature annealing experiments’> prove
that the large AT,.’s cannot originate from nonuniform
oxygenation. Molybdenum or cationic nonstoichiometry
are also discarded. Thus it seems that for the large AT,’s
in the MBE-grown films other factors must be considered
besides those earlier proposed. It is suggested that the
broad superconducting transition in the MBE-grown Bi-
2212 thin films is caused by structural disorder, due to
the large substitutions between Sr and Ca in the lattice.

TABLE 1. Refined site occupancies of MBE-grown Bi-2212
thin films. Single-crystal data are taken from (Ref. 3).

Bi site Sr site Ca site
Bi Sr Ca Bi Sr Ca Bi Sr Ca

Single crystal 0.99 0.00 0.00 0.05 0.86 0.00 0.06 0.19 0.75

No. 166 1.00 0.00 0.00 0.14 0.65 0.21 0.00 0.52 0.48
No. 167 1.00 0.00 0.00 0.18 0.59 0.23 0.20 0.24 0.56
No. 177 1.00 0.00 0.00 0.13 0.61 0.26 0.00 0.63 0.37
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The structural disorder leads to changes in the interpla-
nar distances in the unit cell that severely influence the
superconducting properties.

The discrepancy in peak intensities observed between
the measured and the “ideal” XRD spectra implies a
greater disorder in the structure of MBE-grown thin films
than in bulk materials. The large degree of substitution
between Ca?* and Sr*" cause the CuO,-CuO, interplanar
distance to increase. The deduced Ca and Sr site occu-
pancies are shown in Table I. The plot in Fig. 4
represents the calculated intensity of the (0012) peak as a
function of the CuO,-CuQ, interplanar distance. The
significantly suppressed peak intensity, as much as 20%,
can be reproduced only if the CuO,-CuQ, distance is sub-
stantially increased. If a contraction of the SrO-SrO
interplanar distance is introduced to keep the c-axis lat-
tice parameter constant, as deduced from the experimen-
tal XRD spectra, this intensity suppression becomes less.
The other high intensity Bragg peaks, e.g., the (0010),
(0016), and (0020) peaks, were found to be almost in-
dependent of the quoted changes in the interplanar dis-
tances. The expansion of the CuO,-CuO, interplanar dis-
tance can be understood in terms of substitutions in the
Ca plane of Ca** ions by the larger Sr?* ions. Such a
substitution does not affect the valency of the copper.
The increase in the CuO,-CuQ, interplanar distance in-
duces a contraction in the SrO-CuO, interplanar dis-
tance, while the c-axis lattice parameter remains constant
(see Table II). In contrast to bulk Bi-2212 materials,*°
the MBE-grown thin films show a larger degree of substi-
tution between Sr and Ca. The large substitutions in the
MBE-grown films and the resulting disorder are probably
related to an incomplete ordering of the adatoms during
film formation. It is known that the film growth does not
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FIG. 4. Calculated intensity of the (0012) peak of Bi-2212
thin film consisting of M =10 unit cells as a function of the
Cu0,-CuO, interplanar distance with different distances be-
tween the SrO-SrO planes. The intensity is normalized to the
(008) peak intensity.
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TABLE I1. Refined interplanar distances (A) of Bi-2212 thin
films. Unit-cell lengths were calculated from x-ray-diffraction
spectra. R, is defined as (3 ;w;[I,;—I; ]z/zjwjlozj)l/z, where
I,; and I; are the observed and calculated intensities, respec-
tively, and w); is the weighting factor determined as 1/1,,;.

Unit-cell

length BiO-8rO SrO-CuO, CuO,-Ca R,
Single crystal  30.87 2.73 1.72 1.65
No. 166 30.84 2.79 1.57 1.71 0.28
No. 167 30.84 2.85 1.58 1.70 0.32
No. 177 30.83 2.80 1.58 1.71 0.30

take place at thermodynamic equilibrium. The arrange-
ment of atoms in the unit cell is controlled by the growth
kinetics. In a two-dimensional picture, the atoms are at
first physisorbed on impact with the substrate surface.
The low binding energy of the adatoms in the phy-
sisorbed state means that they easily move over the sur-
face. Before the final “correct” chemisorbed state is
reached, the atoms may choose “wrong” chemisorption
sites or form intermediate chemical states of stable binary
or ternary oxides in the form of clusters. Under these cir-
cumstances, the transformation to the final ‘“‘correct”
chemisorption state may even require reallocation of the
cluster atoms and therefore substantially more energy. In
the MBE synthesis, the kinetic energies of the depositing
species upon impact with the substrate at a given temper-
ature T are between kT .. and kT, a very small energy.
Thus the adatoms in the “wrong” and/or intermediate
chemisorbed states are for kinetic reasons hindered, from
a thermodynamic viewpoint, from moving to energetical-
ly more favorable configurations. This may cause disor-
der in the form of differently occupied sites for Sr and Ca
in the unit cell of Bi-2212. In the magnetron sputter and
laser-ablation processes, ions and neutral particles hitting
the surface have kinetic energies far greater than kT,
which will supply “extra” energy to the surface and help
proper ordering. The role of the growth kinetics for the
observed disorder and the relation between disorder and
the measured physical properties of the MBE-grown thin
films are still not very clear and thus need to be investi-
gated further.

The atomic displacement may give a rise to an inhomo-
geneous strain (microstrain) in the thin film observed as
an additional broadening of the x-ray-diffraction
peaks.”»?* This type of broadening is derived from a
variation in d spacing in the direction considered and
usually tends to be Gaussian.?* The distortions due to
microstrain in the lattice of the Bi,(Sr,_,Ca,);Cu,0,
films contribute to continuous interplanar distance fluc-
tuations as previously mentioned and appear as a part of
the Gaussian broadening of the XRD profile. According
to the fitting results, the Lorentzian (Cauchy) component
of the line profile, which arises due to a small domain
size, was not identified.

It is important to understand how the changes in the
Cu local atomic coordination may affect the supercon-
ducting properties of the Bi-based cuprates. For high-T,
bulk materials with 7, > 100 K such as HgBa,CaCu,0,
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(Hg-1212) and Tl,Ba,CaCu,0y4 (T1-2212), the interplanar
Cu0O,-Cu0O, distances are_ 3.15 and 3.20 A, respective-
1y,%6 compared to 3.30 A for Bi-2212. The increase in
the CuO,-CuO, interplanar distance is an important pa-
rameter expected to influence the superconducting prop-
erties of high-T, materials. On the other hand, the oxy-
gen in the SrO plane is related to the CuOs pyramid as
apex oxygen. Therefore, the reduction in the SrO-CuQO,
interplanar distance moves the oxygen together with the
Sr?* jon closer to the Cu atom. In Hg-1212 and T1-2212
compounds, the distance between the Cu and the apex
oxygen is 2.74 A 25,26 whereas it is only 2.50 A for Bi-
2212. The bond length between the Cu and the apex oxy-
gen is known to determine the degree of two-
dimensionality of the CuO, planes. The longer bond
length suggests a stronger two dimensionality of the
CuO, planes and is essential for the cuprates with
T,=100K.
V. CONCLUSIONS

The lattice structure of Bi-2212 thin films grown by
MBE was determined from experimental x-ray-diffraction
spectra by a fitting procedure using a one-dimensional ki-
nematic x-ray-diffraction model. Interplanar distances
and atomic substitutions within the unit cell were used as
parameters in fitting the experimental spectra. The inter-
planar CuO,-CuO, distances were found to be expanded
from 3.3 to 3.4 A and the SrO-CuO, distances were
found to be contracted from 1.7 to 1.6 A. It was shown
that the changes can be related to large substitutions

N—1 , .
3 dr;tdp,;

r=1

M
F(g)= 3, expligc;)
j=1

1 .
[Fj +exp |ig

where g =4sin® /A is the scattering vector, d, ; and dy; ;
are the distances between r-(r +1) and BiO-BiO planes,
respectlvely, N is the number of planes in the layer and ¢;
is the thickness of the jth bilayer given by

2 (d}j+d})+dy ;+dy; ; , (A2)

r=1

F}, F} are structure factors of the jth bilayer defined by

The scattering power f,(g) of kth atomic plane is given
by

F(q)—ka [1q 2 d

r=1

Ff(q 2 fr lig 2 d

r=1

Sx(q) (A4)
where f),(q) and f,(q) are the in-plane structure factors
of a certain metal and oxygen, respectively. The d,, is

-the distance between a metal and oxygen positions in the
same plane. The structure factors are given by

=fm(@)+fo(qlexpligdy,) ,
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mainly between Sr*t and Ca?* ions at the Ca and Sr
sites. The origin of these substitutions is interpreted as
being caused by incomplete ordering of the adatoms dur-
ing film growth. The structural disorder results in a
suppressed 7, and a broad superconducting transition,
AT,, for MBE-grown films compared with bulk materials
or thin films synthesized by magnetron sputtering and
laser ablation. Experiments to investigate the correlation
between the structural features and the transport and
magnetic properties of the films should be performed.
Work is in progress to determine the interatomic dis-
tances in the unit cell for the MBE-synthesized thin films
by extended x-ray-absorption fine structure.
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APPENDIX

The one-dimensional structure factor F(q) for Bi-2212
film which is described as a superlattice with M stacked
bilayers of BiO, SrO, CuO,, and single Ca planes (see Fig.
2) including cumulative interplanar distances fluctuations
can be written as

, (A1)

f(g)=exp[—Bsin’@/A][fUAg)+ ' +if"],

where B is the Debye-Waller coefficient,?’ f(q) is the
atomic scattering factor, f’ and f"' are anomalous disper-
sion corrections, and the in-plane scattering power f%gq)
for metals is defined by

f%i(q)z(l_nSr_nCa)f%i +”’ls:fgr +77Caf?:a ’
f(S)r(q)=(1—7’Bi_nCa)f(S)r +"7Bif%i +17Caf(()l‘a ’
f Cal Mg NS %a +pif (l)3i +Nsef gr ’

where 7y;, 7s,, and 7¢, are an in-plane atomic density and
£, £2, and f2, are the atomic scattering powers of Bi,
Sr, and Ca, respectively. Values for the atomic scattering
factors were taken from Ref. 28. The scattering intensity
is given by

I1(q)=(F(q)F*(q)) . (A7)

It is assumed that the interlayer dy; ; and interplanar d, ;
distances vary in a continuous manner. Choosing a
Gaussian distribution of the dy;; around the average
value dg; with a width o and of the d, ; around d, with a
width A, the scattering intensity, by averagmg the inten-
sity over these distributions, can be written!'>%°

(AS5)

(A6)



3102

I(q)=2M({FF*)+Re[e’®F])
M—1
+ 3 (M —r)Re[2e5QFT> !

r=1

+e"VEQFT],  (A8)

where

20.2

E=iqdg; — >

_ 3
i=1

3
=3 P;{expligc;)F}) ,
=

(A9)

3
T=73 Pj(exp(ich)) ,
=1

3

> P=1,

j=1
and where P; is the Gaussian probability of occurrence,
¢; is the c-axis parameter, and F j is the structure factor
for Bi-2201 (j =1), Bi-2212 (j =2), and Bi-2223 (j =3)
structures, respectively. Such a model allows us to vary
the amount of the randomly distributed stacking faults in
the film by altering P, P,, and P;.
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Finally, the intensity scattered by a Bi-2212 film with
the absorption and the Lorentz-polarization factors can
be written as

1+cos2®
sin2®

_2pT

A10
sin® ( )

KI(q),

I.(q)= [l—exp

where p is the absorption coefficient, 7 is the total thick-
ness of the film and K is the scaling factor. To allow a
quantitative comparison between the described model
and the measured profiles, the standard minimizing func-
tion of the Numerical Algorithms Group library was
used.’® As fitting parameters, the interplanar distances
between BiO, SrO, and CuO, planes with the continuous
distance fluctuations and the in-plane atomic substitu-
tions of Bi, Sr, and Ca were used. The value of ¥ given
by24

Ny,

> (L) —1,()1*/1,, ()}

2 __ i=1

X > (A1D)

N,
> 1,3)
i=1
was minimized, where N, is the number of points in the

profile and I, and I,, are the calculated and measured x-
ray intensities, respectively.
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