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Abstract. The epitaxial growth of BizSroCaCu20, (Bi2212) high temperature superconducting thin films
was studied. The films were solution-deposited from a polymer-containing precursor onto SrTiOs (001)
substrates. Bi2212 formed an epitaxial phase with the c-axis parallel to the substrate normal and an in-
plane orientation with the a-axis parallel to the SrTiO3 [110] and [110] directions. This phase was found to
be robust with respect to small changes in stoichiometry, where the appearance of an additional BiSrCuO
phase was observed. This minority phase had no major effect on the epitaxial alignment of the Bi2212
phase or the critical temperature of the thin-film sample.

PACS. 81.15.-z Methods of deposition of films and coatings; film growth and epitaxy — 81.20.Fw Sol-gel
processing, precipitation — 74.72.-h Cuprate superconductors (high-T¢ and insulating parent compounds)

1 Introduction

Since the discovery of high temperature superconduct-
ing ceramic materials, there has been an increasing in-
terest in the manipulation of these materials to fabri-
cate thin films and wires. The applicability of high-T¢
superconductors in thin films is, however, dependent on
the epitaxial growth of the superconducting phase on
a suitable substrate. Techniques for the production of
high quality films include laser ablation [1,2], electron-
beam evaporation [3], or chemical vapor deposition [4,
5]. While well established, these methods are typically
slow, expensive, and not easily combinable with standard
lithographic techniques. In an alternative process, high-T¢
ceramic thin films can be made by a chemical solution
deposition process. This technique employs a precursor
solution of the constituent metal ions, which is solidi-
fied during the film manufacture process. Thin films of
the high-T.. ceramic YBasCuszO, (Y123) were grown from
precursor solutions of the corresponding metal acetates us-
ing 1,3-bis(dimethylamino)-2-propanol and acetic acid [6],
from acetates and acetic acid [7], and from alkoxides, iso-
propanol, and acetic acid [8]. YbBagCuyOg films were
grown from metal acetylacetonates [9]. In addition to or-
ganic solvents, high-molecular weight carbocylic acids can
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be employed as ligands for the homogeneous complexa-
tion of the required metal ions. For example, Y123 and
BisSraCaCuy 0, (Bi2212) films and fibers were made from
solutions containing poly(methylmethacrylate-co-meth-
acrylic acid) [10] and poly(methacrylic acid) [11-13].

The use of polymer based precursors for the manufac-
ture of films of high-T;, materials is particularly attractive,
since most conventional and modern lithographic tech-
niques use polymer layers as a medium in the pattern
formation process. This was shown [14] for the photo-
lithographic patterning of a Bi-Sr-Ca-Cu precursor film
with lateral resolutions down to 20 pm. In a different ap-
proach, the high viscosity of polymer-containing precur-
sor solutions make them amenable for a variety of soft-
lithographic techniques [15].

As opposed to high-T, films made by the more com-
monly used techniques, the morphology and epitaxial or-
der of layers made by a solution deposition approach is less
studied. The knowledge of the film morphology and crys-
talline order on sub-micrometer length scales is, however,
likely to be of importance for the lithographic patterning
of high-T¢ thin films.

The purpose of this study is the detailed investigation
of the structure and morphology of Bi2212 films made
by a solution deposition process. Various X-ray diffrac-
tion techniques were employed to investigate the epitaxial
order of the Bi2212 films. In addition, scanning electron
microscopy (SEM) was used for complementary studies of
the film morphology.
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2 Experimental details
2.1 Sample preparation

Bi2212 precursor solutions were made following the
procedure by von Lampe and coworkers [13]. The
solvents used were 2-methoxyethanol (98%, Merck)
or N ,N-dimethylformamide (99%, Acros, Geel, Bel-
glum) Bi(N03)3'5H20, SI‘(NO3)2, Ca(N03)2-4H20, and
Cu(NO3)2-2.5H20 (98% or higher, Fluka, Aldrich) were
added. Two slightly different compositions were used:
3.923:1.692:1:1.915 (sample 1) and 4.102:1.792:1:1.961
(sample 2), by weight, corresponding to the approximate
molar ratio of 2:2:1:2. The solution was stirred until clear
and poly(methacrylic acid) (PMAA) (Polymer Standards
Service, Mainz, Germany, molecular weight M,, = 82,400,
polydispersity My, /M, = 1.03, or comparable self-made
PMAA) was added. This resulted in clear, blue-green solu-
tions, with a composition (metal-nitrates:solvent:PMAA)
of 1:2.5:1.6 by weight.

The substrates were polished SrTiO3-(001) single crys-
tals (10 x 10 x 1 mm3, with edges parallel to [100],
[010], and [001], TBL-Kelpin, Neuhausen, Germany). Be-
fore usage, the substrate surfaces were cleaned by heating
to 950 °C for several hours in air.

Bi2212 precursor solutions were spin-cast onto the sub-
strates at 4,000 rpm and dried at 80 °C for 2—-3 hours. The
dried films had a blue-green color and were ~650 nm thick.
They were placed in a tube-oven, through which an air-
flow was maintained and the temperature was varied ac-
cording to the following protocol: increase from room tem-
perature to 200 °C with 10 °C/min, from 200°C to 500°C
with 5°C/min, from 500°C to 850°C with 10°C/min.
The sample was kept at 850°C for 1h, and then cooled
from 850°C to ~600°C with 5 °C/min, followed by
slow cooling to room temperature. The obtained films of
80-100nm thickness were bright gray and transparent.

2.2 Scanning electron microscopy

The surface morphology of the annealed films was imaged
with a Jeol 6320F field emission scanning electron micro-
scope, using an acceleration voltage of 1.5kV and a work-
ing distance of 5mm. A typical SEM image of a ~100nm
thick Bi2212 film is shown in Figure 1. It shows a faceted
surface of terraces of 100 nm—1 pm in size.

2.3 Resistance measurements

The resistance of the films was measured in the four
point mode. Platinum wires were connected to the Bi2212
films by silver paste. The sample was cooled to 50K in a
PPMS 6000 cryostat (Quantum Design, San Diego, USA).
The sample resistance R was measured (Agilent multime-
ter 3458A) as a function of temperature 7' while heating at
arate of 1 K/min. Figure 2 shows R(T") of two Bi2212 sam-
ples. The resistance measurements of both sample show
a transition to the superconducting state in the 77-85K
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Fig. 1. SEM image of sample 2, showing a ~100nm thick

Bi2212 film. The four directions of the steps’ edges are in reg-
ister with the underlying SrTiO3 substrate.
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Fig. 2. Resistance of Bi2212 films as a function of temperature.
The solid line corresponds to sample 1 (left axis), the dashed
line to sample 2 (right axis). The critical temperatures (defined
by the inflection point) are 80.8 K and 81.6 K for sample 1
and 2, respectively.

temperature range, reaching 50% resistance at T, ~ 81 K,
in good agreement with Bi2212 films prepared by chemi-
cal vapor deposition [4]. The critical current density (see
[13]) was 2 x 105 A/cm? and 4 x 10* A/cm? at 30 K for
sample 1 and 2 respectively.

2.4 X-ray diffraction

The orientation of the crystallites with respect to the
SrTiOs substrate was determined using five different
X-ray diffraction experiments. To identify the different
BiSrCaCuO phases with a c-axis orientation parallel to
the SrTiOg3 surface normal (c-axis orientation), w-29 scans
were taken on a Bruker Axs D8 powder diffractome-
ter (40 kV, 40 mA, software package Diffrac Plus Ba-
sic 4.02). The quality of the c-axis alignment of the Bi2212
phase with respect to the SrTiOj3 substrate was deter-
mined by rocking curves (w scans) taken on a Philips
PW 1820 powder diffractometer (40 kV, 30 mA, software
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Fig. 3. The four axes of a Philips materials diffractometer,
shown with ¥ = 0°, ¢ = 0°.

APD PW 1877 3.6g). Texture scans (¢ — 1 scans) re-
vealed the in-plane orientation of the Bi2212 crystallites
and area scans (w-29 — 1 scans) were used to determine
the in-plane orientation of the Bi2201 minority phase and
to exclude the presence of other phases that had a highly
symmetric lattice plane parallel to the ac plane of SrTiOs5.
A second type of area scans (w-29 — w scans) was used to
determine the averaged in-plane lattice constant (a+b)/2
of the Bi2212 phase. Both, texture and area scans were
taken on a Philips X'Pert MRD materials diffractome-
ter, type 3050/65 (40 kV, 40 mA, software X'Pert Data
Collector 2.0b). All diffractometers were equipped with
monochromators for Cu Koy radiation. The notation of
the scan-axes is given in Figure 3.

3 Results and discussion

Two samples were chosen for further investigation by
X-ray diffraction, based on results of the SEM and re-
sistance measurements. Figures 4 and 5 show w-219 scans
taken of both samples. Both figures show the (001) re-
flections of SrTiO3 and a set of (001) peaks that can be
assigned to the Bi2212 phase with the c-axis oriented par-
allel to the substrate normal. The differing intensities are
due to different scanning conditions in terms of counting
time per angle increment.

Figure 4 shows some additional peaks of lower intensi-
ties, indicative for the (007) reflections of the BisSroCuO,
(Bi2201) phase. We attribute the presence of a Bi2201
phase in sample 1 to the somewhat different Bi:Sr:Ca:Cu
composition of the precursor compared to sample 2. The
presence of a small amount of Bi2201 in the Bi2212 matrix
has, however, only a marginal influence on 7, (see Fig. 2).

The quantitative analysis of the (001) reflections yields
the c-lattice constants of the two phases. For the Bi2212
phase, we find values of 30.70(6) A and 30.76(1) A for sam-
ple 1 and 2, respectively. The Bi2201 phase in Figure 4 had
a c-lattice constant of 24.40(1) A.

The mosaic spreads of the SrTiO3-(002) and
Bi2212-(006) peak were further analyzed by w scans
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Fig. 4. w-29 scan of sample 1. Apart from the SrTiOs and
Bi2212 signal, several additional peaks are discernible. Some
of these peaks can be attributed to a BiaSroCuO, (Bi2201)
minority phase. The unassigned peaks indicate the presence of
at least one further (unidentified) phase.
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Fig. 5. w-29 scan of sample 2. As opposed to Figure 4, only re-
flections from the SrTiOs substrate and Bi2212 film are visible,
indicating a better purity of the superconducting film.

(so-called rocking curves). The full-width-half-maximum
(FWHM) of the SrTiO3-(002) peak was 0.83° and 0.85°
for sample 1 and 2, respectively. The Bi2212-(006) reflec-
tions had an angular spread of 0.89° for sample 2, as shown
in Figure 6 and 1.1° for sample 1. This indicates that the
mosaic spread of the film is slightly higher than that of the
substrate, in contrast to previous reports of equal mosaic
spreads of substrate and film (with FWHMs of 0.25°) [16].

3.1 In-plane orientation

To establish the in-plane orientation of the Bi2212 phase,
textures scans (¢ — ¢ scans) were performed. The sub-
strates were aligned on a four-axis goniometer using the
SrTi03-(002) and -(101) reflections so that at ¢ = 0°
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Fig. 6. Rocking curve (w scan) of the Bi2212-(006) peak of
sample 2 at 29 = 17.56°. The FWHM with of 0.89° is a mea-

sure for the accuracy of the c-axis alignment of the epitaxial
Bi2212 phase.
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Fig. 7. Texture scan (p—1 scan) of the Bi2212-{115} reflection
of sample 1. The four peaks at ¢ = 0°,90°,180°, and 270°,
are characteristic for a c-axis aligned Bi2212 phase with an
in-plane orientation of a parallel to the SrTiO3-[110] or -[110]
direction. The elongated peak shape is a consequence of the
X-ray beam profile (1 x 10 mm? line focus).

the SrTiOg3-[100] direction was in the plane of diffrac-
tion. Since the Bi2212-{115} reflections do not overlap
with any of the SrTiO3z peaks they were chosen to in-
vestigate the orientation of the a- and b-axes, with lat-
tice constants [17] of a = 5.410(3)A, b = 5.439(5) A.
The Bi2212-{115} texture scan of sample 1 is shown in
Figure 7. The (115) direction forms an angle of approx.
58.06° with the c-axis. Therefore, for c-axis oriented ma-
terial the {115} reflections appear at ¢ = 58.06°. As-
suming a ‘cube on cube’-type growth of Bi2212, where
the a-axis of Bi2212 is parallel to the [110] or [110] sub-
strate directions, the Bi2212-{115} reflections should ap-
pear at ¢ = 0°,90°,180°,270°. This is borne out by the
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Fig. 8. ¢ scan extracted from Figure 7 for 1 = 58°. The width
of the four peaks is 1.1°.

data in Figure 7, showing four strong peaks at the pre-
dicted positions. In Figure 8, a single ¢ scan was ex-
tracted from Figure 7 for ¢ = 58°, showing the peak
positions in more detail. The four peaks are centered at
© = 0.2°,89.8°,180.2°,270.4° and have a FWHM of 1.1°.
The angular spread is comparable to that found for Y123
films [5] of approx. 1.5°, but higher than observed in
Bi2212 films by others [1].

Since the c-lattice constant of Bi2212 is ~8ag;Ti0,, it
may be possible for Bi2212 to grow epitaxially with its
c-axis parallel to the [100] or [010] direction of SrTiOs.
Therefore, an epitaxial Bi2212 phase with the ¢ and ei-
ther the a or the b-axes oriented parallel to the substrate
surface seems possible. Epitaxially even more favorable
is material where the a + b and c directions are paral-
lel to the SrTiOj3 surface, since agisa1a V2 ~ 2a8:Ti0;-
The {115} reflections of this first epitaxial orientation
should appear in Figure 7 at ¢ = 90° — 58.06° = 31.94°
(and ¢ = 0°,90°,180°,270°). a + b-axis oriented mate-
rial corresponds to peak positions at ¢ = 53.13° (and
© = 0° £ 48.60°,90° + 48.60°, etc.). Not only are none
of these predicted peaks visible in Figure 7, the absence
of any discernible peaks (or ring-pattern) other than the
four peaks that are attributable to the c-axis oriented
Bi2212 phase indicates the absence of detectable amounts
of Bi2212 with a different epitaxial orientation.

Sample 1 was further studied to investigate the pres-
ence of the Bi2201 material or other phases. Bi2201 (a =
5.37A, b= 5.37 A[18]) has a much lower critical tempera-
ture (T, between 6 K and 10K) [19,20] or may not be su-
perconducting at all [18,21]. Since the metal-composition
of sample 1 was somewhat off-stoichiometric, other phases
may have grown epitaxially. Area-scans (w-21 — 1) scans)
of the a*c* plane of Sr'TiO3 can reveal the presence of suit-
ably oriented minority phases. Figure 9 shows two columns
of peaks that can be attributed the SrTiO3 substrate and
c-axis oriented Bi2212 and Bi2201 phases. This recipro-
cal lattice plane was chosen because it contains the (h0l)
reflections of SrTiOs and the (hhl) reflections of c-axis
oriented Bi2212 and Bi2201 with an in-plane orientation
where apiao12 and apjager lie parallel to the SrTiOs5-[110]
and -[110] directions. The appearance of these peaks in
Figure 9 not only confirms the results for sample 2 (Fig. 7)
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Fig. 9. Area scan (w-29 — 9 scan) of the a*c* plane of SrTiOs
(sample 1). The peaks (logarithmic grayscale) are indicative
of c-axis oriented Bi2212 and Bi2201 phases with an a-axis
orientation parallel to the [110] or [110] substrate direction.
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Fig. 10. Area scan (w-20 — w scan) of the a*c* plane of
SrTiOs (sample 1). The dominant peak is the (103) substrate
peak. The horizontal shift of the three Bi2212 peaks (dashed
line) with respect to the SrTiOs peak (dotted line) can be
used to calculate the averaged in-plane Bi2212 lattice constant
(a+0)/2.

for the Bi2212 phase, but also shows that the Bi2201 mi-
nority phase has the same in-plane orientation as Bi2212.

To determine the averaged in-plane lattice constant
(a + b)/2 of the Bi2212 phase a second type of area scan
was performed (Fig. 10). Instead of the stepwise rotation
of the sample around the ¢-axis as in Figure 9, the offset
in w was stepwise varied. The advantage of this scan type
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Fig. 11. Texture scan of of an additional sample. In the a*c*
plane of Bi2212, each primary reflection is accompanied by two
satellite peaks. These peaks (a subset of 8 satellite peaks per
main reflection) are indicative of a superstructure along the
b-axis of Bi2212 with a periodicity of 5 unit cells [17].

is the symmetrical appearance of the peaks, despite the
elongated beam profile (line focus) used in the diffraction
experiment. Figure 10 shows the reciprocal space around
the (103) reflection of SrTiO3. Three peaks of the Bi2212
phase can be discerned, lying on a vertical line (dashed
line in Fig. 10) in the a*c* plane. The horizontal posi-
tion of the Bi2212 reflections with respect to the substrate
peak (dotted line) can be used to determine the in-plane
lattice constant of the Bi2212 unit cell. Since the a-axis
of epitaxial Bi2212 coincides with the a 4+ b diagonal of
the substrate lattice (i.e. the Bi2212 ab plane is rotated
by 45° around ¢ with respect to the SrTiOj3 lattice), the
location of the Bi2212 peaks yields the averaged in-plane
lattice constant. Compared to a = 3.905A for SrTiOs
we find for Bi2212 (a + b)/2 = 5.422 A for sample 1 and
(a+b)/2 = 5.438 A for sample 2, in good agreement with
the bulk value of 5.425 A. This measurement reveals a lat-
tice mismatch of 1.8% and 1.5% (for sample 1 and 2, re-
spectively) of the Bi2212 with respect to SrTiOs.

3.2 Superstructure

The texture scans of the Bi2212-{115} reflections of both
samples show a pair of weaker peaks that lie symmetri-
cally on both sides (=A¢p) of each {115} peak at higher v
values. These additional peaks are better visible in a
Bi2212-{115} texture scan of a third, identically pre-
pared sample (Fig. 11). The four {115} peaks are clearly
surrounded by pairs of satellite peaks at @ ~ 49.5°
(indicated by arrows in Fig. 11). Their positions in ¢
are approximately +6.5° around the 0°, 90°, 180°, and
180° primary reflections. An area scan (not shown) of
the SrTiO3 [110] c* plane of a further superconducting
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sample (containing the Bi2212-(h0l) reflections) shows
similar weak peaks that lie on both sides of the extin-
guished (007) and (201) reflections (for odd values of ).
The lateral distance of satellites of equal [ is approxi-
mately the same compared to neighboring visible (001)
main peaks (even values of 1), i.e. close to 2¢*, indicative
of a periodicity of ~ 30 A in the Bi2212-a and -b direc-
tion. This is in accordance with the well known incom-
mensurate modulation of the metal ion positions along
the b-axis, leading to a superstructure with a periodicity
of 4.5b — 5b [22,23].

Due to the fourfold rotational symmetry of SrTiOj
substrate, c-axis oriented Bi2212 domains exhibit two in-
plane orientations with a parallel to SrTiO3-[110] and
-[110]. The observation of the satellites in both the SrTiO3
[110] c* area scan and the Bi2212-{115} texture scan indi-
cates that each visible Bi2212 peak is surrounded by eight
satellite reflections forming a tetragonal prism, the center
of which is being occupied by the Bi2212 main peak. The
height of the prism is 2¢* ~ 2/30.7A the width of the
prism is 2b*/4.5 — 2b*/5. Our thin film results therefore
reproduce the measurements of single crystals.

3.3 Crystal morphology

The in-plane orientation of the Bi2212 phase as deter-
mined by X-ray diffraction could also be verified by the
morphology of the epitaxial crystallites. In Figure 1 four
distinct directions of the crystal edges can be identified.
These edges form mutual angles of 45° and 90°. By re-
ducing the SEM magnification, the entire sample becomes
visible. This way, it was verified that two of these four di-
rections are parallel to the edges of the substrate, that is,
the [110] and [110] edges of Bi2212 are parallel to the [100]
and the [010] directions of SrTiOg, respectively. Since the
Bi2212-(001) crystal face forms terraces that are parallel
to the substrate surface, the crystallite edges correspond
to the (100), (010), (110), and (110) faces, which are per-
pendicular to the SrTiO3 surface.

4 Conclusion

In summary, we have investigated the epitaxial order of
BisSroCaCusO,, films that were solution deposited onto
a SrTiO3-(001) substrate. The films consisted mainly of
the superconducting Bi2212, with a c-axis orientation
perpendicular to the substrate surface and an in-plane
(a-axis) orientation parallel to the [110] or [110] direction
of SrTiO3. The formation of the epitaxial Bi2212 from the
polymer metal precursor is reasonably robust. When devi-
ating from the stoichiometric ratio of metal ions required
to form the Bi2212 phase, a minority epitaxial Bi2201
phase and a small amount of an unidentified phase were
observed (see Fig. 4). The presence of these additional
phases has no significant influence on the epitaxial growth
of the majority Bi2212 phase, nor on the transition tem-
perature to superconductivity.
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The relative ease of the manufacture of solution de-
posited layers, combined with a certain robustness in
composition makes this system a promising candidate for
employing soft-lithography [15] to manufacture supercon-
ducting thin films with lateral structures on the microm-
eter scale.
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