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Abstract—Bi2Sr2CazCusO, (Bi-2223) is a high-7. cuprate
with potential for high-current applications, yet thin-film fab-
rication remains challenging due to multi-step, high-temperature
processes. In this study, Bi-2223 films were fabricated on Ag
substrates using aerosol deposition (AD), a room-temperature
process that enables the rapid formation of dense ceramic films.
The influence of multistep annealing on their structural and
superconducting properties was systematically investigated. X-
ray diffraction (XRD) revealed that as-deposited films retained
Bi-2223 peaks with weak orientation, while annealing improved
the c-axis texture but also induced partial Bi-2212 formation.
Scanning electron microscopy (SEM) showed a transition from
dense particle-boundary microstructures to porous, plate-like
grains with local compositional inhomogeneity. Electrical re-
sistance measurements confirmed superconducting transitions
whose sharpness and 7. were correlated with phase and texture.
These results demonstrate the tunability of AD-grown Bi-2223
films by annealing, underscoring the method’s potential as a
rapid alternative to conventional film processes for supercon-
ducting device applications.

Index Terms—Bi-2223, aerosol deposition, thick films, anneal-
ing, high-7. cuprates.

I. INTRODUCTION

ISMUTH-strontium—calcium—copper—oxide ~ (BSCCO)

cuprates  remain  central to  high-temperature
superconductor (HTS) research for power technologies
because they sustain large current densities near the boiling
point of liquid nitrogen [1]-[4]. Within this family, the
n = 3 phase BisSroCasCusO, (Bi-2223) is valued for its
relatively high critical temperature at around 110 K and use
in conductor architectures, although fabrication is constrained
by a narrow phase-stability window and competition from
lower-n phases such as Bi-2212 during thermal processing
[5]-[7]. These materials considerations make process design
that includes precursor chemistry, thermal history, and
post-deposition annealing decisive for achieving ideal phase
fraction, texture, and connectivity [8]-[12].

Aerosol deposition (AD) is a solid-state film fabrication
technique in which fine ceramic particles are accelerated
in a carrier gas toward a substrate under low pressure and
consolidate at or near room temperature by room-temperature
impact consolidation (RTIC) which is the fragmentation, plas-
tic deformation, and mechanical bonding without sintering
[13], [14]. Foundational and review works have established
the process physics, equipment, and parameter space, and have
demonstrated dense, adherent ceramic layers from sub-micron
to multi-micron thicknesses [15]-[17].

Because AD can form dense films on metals and
temperature-sensitive substrates without high thermal condi-

tions, it is used in electronics and functional ceramics, includ-
ing dielectric and piezoelectric thick films such as BaTiOs,
PZT, and PMN-PT, and in energy-storage layers, often with
favorable microstructure and properties after modest post-
treatments [18]-[21]. In contrast, applications of AD to cuprate
superconductors remain comparatively few in the archival
literature; most film reports on BSCCO have used spray
pyrolysis, chemical solution routes, sputtering, or pulsed-laser
deposition, so process—structure—property relations specific to
AD-derived Bi-2223 thick films, including the correlation
among post-deposition annealing, phase composition between
Bi-2223 and Bi-2212, c-axis texture, microstructure, and trans-
port, are not yet well resolved [11], [22]-[24].

II. EXPERIMENTAL METHODS

A. Precursor Preparation

Bi2O3 (99.999%), PbO (99%), SrO (97%), CaO (99.9%),
and CuO (99.99%) were weighed to the nominal compositional
ratio of Bij 75Pbg 35511 9Cas 1Cus and homogenized by mor-
tar and pestle. The powder was uniaxially pressed into 20 mm
pellets at 40 MPa under vacuum for 5 min, placed on a Pt
plate in an alumina box, and heat treated in air. The pellets
were then calcined at 840 °C, re-pulverized, re-pelletized, and
sintered at 870 °C for 8 h. A multi-step anneal at 850 °C for
24 h followed by 820 °C for 24 h was then applied.

The annealed bulk was pre-ground for 30 min with a mortar
and pestle. 10 g of powder was wet-milled (Pulverisette 7,
Fritsch) with 50 g of 3 mm ZrO- balls and 6 g acetone as a
wet medium combined in a 45 mL AlyOs3 pot at 600 rpm in
four cycles of 10 min milling and 10 min rest, then dried at
75 °C for 2 h.

B. Aerosol Deposition (AD) Process

Aerosol deposition was performed in a low-pressure system
comprising an aerosol chamber, a deposition chamber, carrier-
gas mass flow controller, and a nozzle-substrate stage with
programmable motion. Vacuum was provided by a rotary
pump (VD301, ULVAC) in series with a mechanical booster
pump (PMBO01CM, ULVAC), and a dust filter was installed
upstream of the booster pump. A schematic of the system is
shown in Fig. 1.

Powder aerosolization was aided by a rotary vibrator
(NCR 3, NetterVibration) around the aerosol chamber. The vi-
bration intensity was adjusted through the air pressure supplied
from an air compressor (SLP-O7E, Anest Iwata). For each run,
10 g of milled Bi-2223 powder and 10 g of soda-lime glass
beads (@ = 0.1 mm ) were loaded into the aerosol chamber.
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TABLE I
AEROSOL DEPOSITION PARAMETERS

Parameter Setting / Range
Carrier-gas flow rate 8-12 L/min
Substrate temperature 200 °C

Nozzle outlet 0.3 x 5 mm?
Nozzle-substrate distance 10 mm

Scan area ~ 5 x 20 mm?
Scan rate 20-100 pm/s

Deposition chamber

X-Y stage Dust filter
Substrate
heater/holder

P

d
Shutter . “ Nozzle

N2
= m—

Mass flow
controller

<—Aerosol chamber

Fig. 1. Aerosol deposition system schematic.

TABLE II
SPECIMEN IDENTIFIERS AND INITIAL ANNEALING TEMPERATURE Tj.
Thickness (um) Sample T, (°C)
45 1A 860
1B 865
141 2A 855
2B 860

Carrier-gas inflow was regulated by a mass-flow controller; the
chamber included a gas inlet with an auxiliary port for powder
mixing. Inside the deposition chamber, a converging nozzle
connected to the aerosol chamber directed the aerosol toward
the substrate mounted on a motorized z—y stage capable of
bidirectional or unidirectional motion along programmed scan
paths. Before deposition, the chambers were evacuated to a
base pressure of approximately 10 Pa; opening the Ny line to
generate and transport the aerosol raised the working pressure
above the base level. A shutter between nozzle and substrate
enabled clean start/stop.

Silver substrates were prepared from annealed Ag sheet
(99.99%), cut to 20 x 20 mm? and annealed in air at 830 °C for
1 h prior to mounting on the heated stage. Film consolidation
occurred by RTIC at the substrate surface during scanning
over the defined area. Thickness was controlled primarily by
the number of passes at a set scan rate.

C. Post-deposition Annealing

Following aerosol deposition, films were annealed in air
using a multi-step schedule. An initial anneal at a specimen-
specific temperature T, was applied for 3 h, after which all
samples underwent the same sequence of 840 °C for 3 h, dwell
for 8 h, and 820 °C for 3 h. In this study, 7, was selected
from 855-865 °C depending on the specimen. The thermal
schedule is summarized in Table II.
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Fig. 2. (a) Bulk R-T curve (T ~ 105 K) and (b) XRD patterns of bulk
precursor and milled powder.
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Fig. 3. XRD pattern of the as-deposited Bi-2223 films.

D. Characterization Methods

Phase analysis was performed by X-ray diffraction (XRD;
MultiFlex, Rigaku; X’Pert Pro MRD, PANalytical) us-
ing Cu Ka radiation. Particle size distributions of pre-
cursor powders were measured by laser diffraction (Mi-
crotrac S3500, Nikkiso). Microstructure and elemental dis-
tribution were examined by scanning electron microscopy
with energy-dispersive X-ray spectroscopy (SEM/EDX; JSM-
7001F, JEOL) operated in backscattered electron (BSE) mode
for compositional imaging. Film thickness was determined by
stylus profilometry (Dektak 150, ULVAC). Electrical resis-
tance was measured by a standard four-probe method using
a KEITHLEY 2400 current source and KEITHLEY 2182A
nanovoltmeter with 1.4 mm probe spacing.

III. RESULTS AND DISCUSSION

A. Precursor Characterization

The Bi-2223 bulk precursor was verified by XRD prior
to milling and exhibited a superconducting transition near
105 K in Fig. 2(a) which is used as a reference 7 for this
composition. The milled powder retained Bi-2223 reflections
with noticeable peak broadening relative to the bulk, indicating
reduced crystallite size in Fig. 2(b) [25]. Laser diffraction
after four milling cycles gave a median particle size of
approximately 1.6 pm, suitable for aerosol deposition.

B. As-deposited Film

The as-deposited films showed the primary Bi-2223 peaks
consistent with the precursor powder, indicating that the phase
composition was largely retained after deposition as shown in
Fig. 3. The peaks were broadened and less intense than those
of the powder, reflecting reduced crystallinity mainly attributed
to the nanoscale crystallite size and the absence of preferred
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Fig. 4. Cross-sectional SEM-BSE image of the as-deposited film.

Fig. 5.
film.

EDX elemental mapping of Bi, Pb, Sr, Ca, and Cu in as-deposited

orientation which is typical of RTIC [26]. Film thickness did
not notably influence the diffraction pattern.

SEM in Fig. 4 showed a dense surface of compacted parti-
cles with limited porosity. EDX mapping in Fig. 5 confirmed
uniform elemental distribution of Bi, Pb, Sr, Ca, and Cu. The
lack of evident grain coalescence suggests that post-deposition
annealing is necessary to enhance crystallinity and interparticle
connectivity.

C. Annealed Films

XRD patterns of the annealed films in Fig. 6 confirmed
Bi-2223 as the main phase with the appearance of peaks
associated with Bi-2212. The Bi-2223 reflections became
sharper and more intense after annealing, particularly for the
(001) peaks at characteristic 20 positions, indicating improved
crystallinity and preferential c-axis alignment. However, the
emergence of Bi-2212 implies that the thermal treatment
exceeded the narrow stability range of Bi-2223 under oxygen-
rich conditions [27].

SEM images in Fig. 7 revealed the microstructural evolution
toward coarser and more textured grains. All films exhibited
enhanced grain definition, showing a densely packed, layered
morphology composed of plate-like grains. However, pores
and secondary phases became increasingly evident after an-
nealing. The Bi-2223 (gray) and Bi-2212 (lighter gray) regions
appeared to be intergrown, forming lamellar domains in which
both phases coexist. This intergrowth is commonly observed
in BSCCO systems due to the close lattice match and similar
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Fig. 6. XRD patterns of annealed films (Samples 1A, 1B, 2A, 2B).

layered crystal structures of the two phases [6]. Sample 2A,
initially annealed at 855 °C, had fewer pores compared to
Sample 1A and 2A but a crack extending from the surface to
the substrate was observed.

EDX mapping in Fig. 8 confirmed that the matrix regions
corresponded to Bi-2223/2212, while darker patches enriched
in Ca, Cu, and Sr indicated the formation of Ca—Cu—O and
Sr—Ca—Cu-O inclusions. These non-superconducting regions
reduce effective connectivity and correlate with resistive be-
havior [28]-[30]. No evidence of Ag diffusion was detected
at any post-annealing temperature. Combined with SEM and
XRD results, the compositional analysis confirms the coexis-
tence of Bi-2212 and Bi-2223 in the annealed films. Although
these techniques clarify the structural and compositional state
of the films, they cannot quantify the relative supercon-
ducting contribution of each phase. Magnetic susceptibility
and critical current density (J.) measurements, as reported
in prior BSCCO studies [1], [31], could further elucidate
their respective roles. The influence of these microstructural
features was directly reflected in the electrical response, as
shown by the resistance—temperature (R-1") curves in Fig. 9.
Samples 1A and 1B exhibited lower normal-state resistance
with broad transitions: Sample 1A showed a single transition
with zero resistance at 85 K, while Sample 1B displayed a
two-step transition with onset at 100 K but failed to reach zero
resistance even below 60 K. This broad transition behavior
can be attributed to the intergranular coexistence of Bi-2212
and Bi-2223 phases, which form weakly coupled regions
with different critical temperatures, resulting in inhomoge-
neous current paths [32]. In contrast, the thicker Samples 2A
and 2B showed higher normal-state resistance. Sample 2A
exhibited an incomplete transition with onset at 110 K and
no zero resistance, whereas Sample 2B reached near-zero
resistance around 100 K, with residual resistance persisting to
approximately 90 K. The large crack observed in Sample 2A
likely disrupted conductive grain pathways, while increased
porosity and compositional inhomogeneity in the thicker films
contributed to carrier scattering and weakened intergranular
coupling [30], [33], [34].

Overall, annealing improved crystallinity and texture but
also introduced pores, cracks, and secondary phases. These
competing effects of Bi-2223 alignment, partial decomposi-
tion, and microstructural discontinuity govern the supercon-
ducting behavior of AD-grown Bi-2223 films. Precise control
of annealing conditions is essential to stabilize Bi-2223 while
maintaining grain connectivity and dense morphology.
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Fig. 7. Cross-sectional SEM-BSE images of annealed Bi-2223 films (Samples 1A, 2A, and 2B) showing compositional contrast and microstructural features
at low (top) and high (bottom) magnifications.

Fig. 8. EDX elemental mapping of Bi, Pb, Sr, Ca, and Cu in annealed films (Samples 1A, 2A, and 2B).
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