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The chemical stability of liquid-phase epitaxy (LPE) materials plays a decisive role 
in the quality of high-temperature Bi2Sr2Can-1CunO2n+4+δ (BSCCO) superconducting 
films. In this study, the corrosion and dissolution behavior of two commonly used 
crucibles (made of Pt, and Pt-Rh alloy) and two substrates (MgO and NdGaO3) in 
BSCCO/KCl solution were systematically investigated during the growth of 
Bi2Sr2CaCu2O8+δ (Bi-2212) films. Corrosion effects observed by optical and SEM 
imaging on the Pt–Rh crucible and NdGaO₃ substrate led to a detailed investigation 
of impurity incorporation into the films. The presence and origin of these impurities 
were identified by SEM-EDS, while their influence on the crystal structure and 
superconducting properties was evaluated using XRD and SQUID magnetometry, 
respectively. Imaging and elemental analysis show that films incorporating impurity 
atoms from the substrate exhibit degraded texture, correlated with the solubility of 
the surface material. This degradation is further accompanied by a marked 
suppression of superconductivity, arising from the combined effects of extrinsic 
impurities and the compromised microstructure. Overall, the findings underscore the 
critical importance of LPE material’s inertness in controlling impurity incorporation 
and preserving both the textural integrity and superconducting behavior of LPE-
grown Bi-2212 films. This work provides essential insights into impurity–flux 
interactions and highlights pathways to improve the reproducibility and quality of 
epitaxial Bi-2212 film growth. 

 
1. Introduction 
 
There are only three well-established 
superconducting phases within Bi-based cuprate 
family commonly represented by the general 
formula Bi2Sr2Can-1CunO2n+4+δ (BSCCO). Here n 
(>1) denotes the number of Cu-O planes between 
the alternating Bi-O/Sr-O layers and δ indicates 
oxygen excess level associated with chemical 
doping state of the material. In a first sequential 
series of the n number, superconducting BSCCO 
phases and their superconducting transition 
temperatures (Tc) are listed as follows: n = 1 → 
Bi2Sr2CuO6+ δ (Bi-2201) with Tc ≤ 20 K; n = 2 → 
Bi2Sr2CaCu2O8+δ (Bi-2212) with Tc ≤ 90 K; n = 
3 → Bi2Sr2Ca2Cu3O10+ δ (Bi-2223) with Tc ≤ 110 
K [1, 2]. For n =4, Bi-2234 shows also a 

superconductivity below 104 K  but it has not 
been studied well due to its complex phase 
control and marginal benefit compared to Bi-
2223 [3] .  
 
Each of these phases exhibits a pseudo-tetragonal 
crystal structure (a ≈ b ≠ c) with in-plane lattice 
parameters (a and b) of approximately 5.4 Å. 
While the lattice dimensions along the a–b plane 
remain nearly constant, the c-axis lattice 
parameter increases with the number of Cu–O 
planes (i.e., the value of n), with typical values of 
approximately 24.5 Å, 30.7 Å, and 37.1 Å for Bi-
2201, Bi-2212, and Bi-2223, respectively [4, 5]. 
For instance, the unit cell of Bi-2201 contains 
single superconducting Cu-O planes, while Bi-
2223 consisting of three superconducting layers 
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separated by intervening Ca atomic planes 
thereby exhibits the largest lattice parameter 
along the c- axis.  
 
Intrinsic Josephson junctions (IJJ) are 
remarkable characteristics of superconducting 
BSCCO materials exhibiting strong anisotropy 
and short coherence lengths [6]. These materials 
naturally consist of alternating stacks of 
superconducting Cu-O/Ca and insulating Bi-
O/Sr-O layers, well aligned along the c-axis. 
These superconductor–insulator–superconductor 
multilayers are called intrinsic Josephson 
junctions (IJJs) providing a versatile platform for 
developing various superconducting devices 
based on Josephson effects [7, 8]. Among these 
superconducting BSCCO materials, Bi-2212 
crystals are mostly preferred to study IJJ effects 
due its pure crystalline growth feasibility, high 
temperature transition (Tc), and more familiar 
properties. Usually Bi-2212 crystals are utilized 
to realize THz components such as THz radiation 
source, detectors, waveguides and high-band 
width receivers and to promote novel approaches 
through high-Tc quantum circuits such as 
superconducting quantum interference devices 
and qubits, and logics. To advance a wide-range 
of applications of IJJs, impurity-free, high 
crystalline quality and large-scale growth of Bi-
2212 platforms are highly required. Due to 
growth limits in size of bulk crystals and the 
necessity of good thermal link with the cryogenic 
system, large scale production of high-quality Bi-
2212 films is of great importance in the 
development of superconducting platforms for 
advance electronic applications. 
 
Liquid phase epitaxy (LPE) is a highly effective 
technique for the epitaxial growth of both thin 
and thick films across a broad range of material 
classes, including oxides, magnetic, and optical 
materials [9-11]. It has also been employed for 
successfully growing high-quality, thick and 
crystalline high-Tc superconducting films like 
Bi2Sr2CaCu2O8+δ (Bi-2212) [9, 12-14]. A key 
advantage of LPE lies in its simplicity, 
scalability, and ability to produce high-quality 
Bi-2212 films with high growth rates without the 
need for costly or complex equipment [9-11]. 
The basic setup required for LPE consists of a 
crucible, a vertical furnace, a substrate holder, 
motion stages, and components, sufficient to 

support epitaxial film growth [13-16]. At 
elevated temperatures, but still below the melting 
point of the precursor material, the high mobility 
of dissolved components in the liquid medium 
promotes self-nucleation and epitaxial 
crystallization on a compatible substrate. 
Successful LPE growth relies on optimizing 
several critical parameters, including the growth 
temperature, supersaturation conditions of the 
LPE solution, and temperature gradient that 
facilitates the upward transport of solute toward 
the substrate. However, material section is just as 
important as systematic system optimization.  
 
The KCl flux with BSCCO components forms an 
aggressive solution which leads to corrosion 
damages on the surface of many materials at high 
temperatures. This high-temperature corrosion 
occurs when surface elements of the LPE tools 
chemically react with components of the 
KCl/BSCCO molten solution to form new 
compounds with melting points below the 
ambient temperature. These newly formed 
compounds, along with material from the setup 
itself, may then dissolve into the LPE solution, 
leading to contamination. Therefore, the careful 
selection of materials used in the construction of 
the LPE apparatus is crucial to eliminate 
corrosion and ensure the sustainable LPE growth. 
Besides the chemical stability, it is also important 
for high-quality impurity-free Bi-2212 films. For 
instance, impurities originating from LPE 
apparatus components and dissolving into the 
BSCCO melt can significantly influence 
nucleation, disrupt the epitaxial crystalline 
growth, or become incorporated into the film 
lattice, ultimately suppressing the 
superconducting performance of Bi-2212 films. 
 
This work systematically evaluates the chemical 
stability of LPE components such as substrates, 
crucibles, sample holders, and thermocouples 
which are exposed to the aggressive Bi-
2212/KCl solution under standard high-Tc film 
growth conditions. Here we focus on the 
durability of MgO (100) and NdGaO₃ (001) 
substrates, selected for their favorable lattice 
match. Additionally, an LPE growth experiment 
was performed on a Si substrate to demonstrate 
severe corrosion at high temperature. The 
stability of Pt–Rh (10%) alloy crucibles, widely 
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used due to its high melting point (~1800 °C), is 
also compared besides that of pure Pt.  
Chemical stability of all these materials was 
examined through surface morphology of the 
LPE accessories and crystal structure and 
stoichiometry of the as-grown films as well as 
their superconducting transition temperature and 
film stoichiometry using optical microscopy, 
scanning electron microscopy (SEM), X-ray 
diffraction (XRD), energy-dispersive X-ray 
spectroscopy (EDS), and magnetization 
measurements. This study provides a direct 
framework for selecting chemically inert, lattice-
compatible materials to enable reproducible, 
high-quality Bi-2212 film growth. 
 
2. Experimental 
 
To grow Bi-2212 films using LPE, the well-
established protocol is followed as described in 
[13-16]. Figure 1 presents images of the prepared 
precursor materials and molten KCl flux, as well 
as a schematic illustration of the LPE growth 
mechanism. As a first step, the precursor mixture 
is prepared using Bi₂O₃, SrCO₃, CaCO₃, and CuO 
powders in specific molar ratios. In this study, 
both Bi-2212 and Bi-2223 stoichiometries were 
employed. Approximately 20 g of this powder 
mixture is thoroughly ground in an agate mortar 
to ensure homogeneity and fine particle size, 
which is crucial for uniform melting and 
consistent chemical reactivity in subsequent 
steps. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

The ground powder is then placed in a platinum 
crucible and calcined at 850 °C for 1 hour to 
decompose residual carbonates. Immediately 
after calcination (see Figure 1(a)), the material is 
rapidly quenched to room temperature to obtain 
an amorphous BSCCO form at the bottom of the 
crucible. Next, 100 g of high-purity KCl is added 
onto the quenched precursor and, the 
KCl/BSCCO mixture is reheated to 800 °C for 1 
hour, and then rapidly cooled down. Figure 1(b) 
shows the appearance of the pre-melted KCl flux 
with the BSCCO precursor during the cooling 
process. In the LPE process, KCl acts as a low-
viscosity flux, providing dissolution of BSCCO 
components below the melting point, enhancing 
solute mobility and thereby supporting the 
growth of high-quality epitaxial films [13, 17].  
 
The crucible containing the KCl/Bi-2223 pre-
molten material is closed with a lid and placed at 
the position of the hot zone of the vertical furnace 
where an ideal temperature gradient had been 
optimized. The system was held at 870 °C for at 
least 10 hours to produce a supersaturated 
solution capable of depositing epitaxial films. 
Once the desired LPE growth conditions are 
established, a substrate attached to a platinum 
holder was slowly lowered from the top of the 

Figure 1. Process images from the LPE growth of 
Bi-2212 superconducting films: (a) BSCCO 

precursor at the crucible bottom after air quenching, 
(b) pre-melted KCl flux covering the precursor 

during air quenching, (c) view of the LPE furnace 
during Bi-2212 film growth, and (d) schematic 

illustration of the liquid phase epitaxy technique 
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furnace into the molten solution. The substrate 
was positioned 5–10 mm below the liquid surface 
and maintained there during the growth period. 
Figure 1(c) shows a top view of the setup when 
the holder was in the LPE growth position. Due 
to the vertical temperature gradient, solute 
transport occurs from the bottom of the crucible 
upward, allowing BSCCO components to 
crystallize on the relatively cooler surface of the 
substrate. The schematic illustration in Figure 
1(d) shows this LPE growth mechanism, where 
dissolved BSCCO components are driven by 
upward gradient to the top surface of the flux. 
 
In this study, a series of LPE growth experiments 
were carried out in the same KCl/BSCCO 
solution with a 5:1 weight ratio at 870°C on MgO 
(100), NdGaO₃ (001), and Si (100) substrates 
within two different crucible made of Pt-
Rh(10%) alloy and pure Pt. Chemical stability 
and/or corrosion behavior of LPE materials 
including substrates and crucibles have been 
investigated through their surface morphologies 
and textures of as-grown films in the first 
experimental series using SEM and optical 
microscope. The second part of LPE experiments 
focusing on impurity incorporation into the films 
and its impact on superconducting properties, 
analyzed using XRD, EDS, and SQUID 
magnetometry. For this purpose, systematic LPE 
growth experiments were conducted using Pt–Rh 
alloy and pure Pt crucibles with both MgO and 
NdGaO₃ substrates. All films were prepared 
during the first or second growth run from each 
melt to minimize precursor aging effects. Key 
growth parameters, along with the substrate and 
crucible materials used in these experiments 
(films B-29, B-21, B-22, and B-23), are 
summarized in Table 1. In the first two series 
carried out with Pt–Rh crucibles, the first films 
grown on NdGaO₃ substrates are labeled B-29 
and B-21, respectively. In the subsequent run of 
the second series, film B-22 was grown on an 
MgO substrate. Finally, film B-23 an impurity-
free growth was achieved in the third series using 
a pure Pt crucible and an MgO substrate. 
 
 
 
 
 
 

Table 1.  Key growth parameters and 
substrate/crucible materials for films obtained in 

different LPE growth sets 
Film/ 
Run# 

Precur-
sor 

comp. 

Growth 
temp. 
(°C) 

Material 

Subst. Crucible 

Bi-29 
1st Bi-2212 873 NdGaO3 

Pt-
10%Rh 

Bi-21 
1st Bi-2212 872 NdGaO3 

Pt-
10%Rh 

Bi-22 
2nd Bi-2212 886 MgO Pt-

10%Rh 

Bi-23 
1st Bi-2223 872 MgO Pure Pt 

 
Growth conditions for all films were kept nearly 
identical, aside from intentional variations in 
specific parameters. For instance, films B-29, B-
21, and B-22 were grown from a Bi-2212 
precursor composition; however, the growth 
temperature was raised for film B-22 in order to 
evaluate the chemical stability of the MgO 
substrate above 870 °C, which was previously 
established as optimal for obtaining high-quality 
epitaxial Bi-2212 films. In contrast, film B-23 
was grown under well-established LPE 
conditions with a Bi-2223 precursor and a growth 
temperature, serving as a high-quality reference 
film for comparison with the others. 
 
3. Results and Discussion 
 
The results obtained from two different 
experimental series are presented under four 
subheadings. The first part addresses the 
durability of the materials used in LPE growth 
and the texture of the films in relation to 
corrosion effects. The compositional and 
structural characteristics of the resulting films are 
presented together in the second part, followed 
by a separate section describing their 
superconducting properties. Finally, the last 
section integrates and discusses all findings in a 
comprehensive manner. 
 
3.1. Corrosive effects of the KCL/BSCCO 
solution on LPE tools and film morphology 

 
The chemical inertness (i.e., corrosion rate) of 
LPE materials strongly depends on the synthesis 
temperature, the solute concentration, and the 
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nature of dissolved components and flux 
elements present in the molten solution. 
Therefore, the chemical durability of LPE tools 
must be evaluated under the standard conditions 
required for the epitaxial growth of high-quality 
Bi-2212 films. Figure 2 presents surface images 
of substrates, crucibles, and the substrate holder. 
To intentionally demonstrate the corrosive effect 
of the KCl/BSCCO solution, a single LPE 
growth experiment was performed on a Si 
substrate, in spite of its chemical instability in 
molten flux [18].  
 
As shown in Figure 2(a), the Si substrate was 
severely corroded in the melt. In this study, the 
chemical resistance of MgO and NdGaO3 
(NGO), which are the two most commonly used 
substrates in LPE growths of Bi-2212 films, was 
tested. Among them, [001]-oriented NGO is 
generally preferred due to its closer lattice match 
with Bi-2212 crystals. However, pit-like 
structures were observed on the NGO surface as 
a result of erosion in the LPE medium. Figure 
2(b) illustrates partial surface damage on the 
NGO substrate. Despite this, regions of the NGO 
surface initially protected by film coating still 
enabled the formation of continuous epitaxial 
layers.  
To highlight the corrosion effect, the as-grown 
film was removed by rinsing in HCl/H₂O (10:1), 
exposing the underlying erosion. In contrast, 
although the lattice compatibility of MgO with 
Bi-2212 is not as favorable as that of NGO, MgO 
demonstrated excellent chemical stability in a 
series of LPE experiments. Figure 2(c) shows the 
undamaged surface of a (100)-oriented MgO 
substrate after 10 hours in the molten solution. 
 

 
 
 
 
 
 
 
 
 
 

 
Beyond substrates, the chemical durability of 
other components such as the substrate holder, 
clips, and thermocouple, periodically kept in the 
molten solution, is also crucial for sustainable 
LPE film growths. For example, the crucible 
material, in particular, must reliably contain the 
KCl/BSCCO melt throughout the growth series. 
In an initial series of the growth experiments, a 
crucible made of Pt–Rh (10%) alloy was 
employed due to its higher melting point 
compared to that of pure platinum.  
However, it has been observed that while the 
inner wall of the crucible corroded overtime, 
other tools out of pure platinum, including the 
substrate holder, clips, and thermocouple cover, 
remained chemically stable. Figure 2(d) reveals a 
surface corrosion and additionally a partial crack 
on the surface of the Pt–Rh crucible. As 
demonstrated, surface corrosion significantly 
compromises the durability of experimental 
equipment, but also releases impurities into the 
melt which may subsequently be incorporated 
into the film composition. The Pt–Rh alloy 

Figure 2. Surface morphologies of substrates, Si 
(a), NdGaO₃ (b), and MgO (c), after ~10 h of LPE 

growth at 870–880 °C. In some cases, the Bi-
2212 film was removed using an HCl/H₂O 
solution to reveal the substrate surface. (d) 

Surface images of Pt–Rh (10%) crucibles after 
repeated use in a series of growth experiments. 
Views of pure platinum crucibles (e) and the 

platinum substrate holder (f) following multiple 
liquid phase epitaxy growth experiments 
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crucible showed corrosion and cracks, whereas 
the pure platinum crucible was chemically inert 
inside the BSCCO/KCl melt. Figure 2(e) and (f) 
display the uncorroded surfaces of a crucible and 
holder, both made of pure platinum.  
 
Notably, polygonal grain-like patterns were 
observed on the Pt crucible surface as seen in 
Figure 2(e). These patterns, particularly distinct 
at the crucible bottom, exhibit surface faceting 
and grain-boundary relief. According to the 
literature [19], such features arise from 
recrystallization and grain growth of platinum 
induced by heat treatment at 0.3–0.5 times its 
melting point. On the sample holder, however, 
these granular patterns appeared smaller and less 
pronounced, as it was not subjected to prolonged 
heat treatment in the presence of BSCCO 
components. 
 
In addition to crystal compatibility, the chemical 
inertness of the substrate plays a critical role in 
epitaxial film growth. For instance, epitaxial film 
formation either may be completely disabled in 
the presence of severe corrosion, or may result in 
more mosaic complex texture depending on the 
solubility degree of the substrate material. Figure 
3 exhibits epitaxial textures of Bi-2212 films 
grown on NdGaO₃ (001) and MgO (100) 
substrates in the alloyed and pure Pt crucibles 
which are representing contaminated and 
impurity-free LPE growths respectively.  
 
As can be seen in Figure 3(a), despite a partial 
corrosion on the NdGaO₃ substrate, an epitaxial 
film still develops across its entire surface. 
Similarly, a continuous Bi-2212 film uniformly 
covers the surface of MgO substrate (see Figure 
3(b)). However, the film on NdGaO₃, reveals a 
mosaic-textured morphology with randomly 
oriented small grains due to surface corrosion, 
whereas the chemically inert MgO supports a 
more uniform and large-grain texture. This is 
related to the surface durability supporting 
continuous and uniform film formation. More 
clearly, the initially formed Bi-2212 islands 
shield the underlying surface areas from the 
damaging, while uncoated regions are gradually 
deteriorated under the corrosion effect of 
BSCCO/KCl melt that results in corrosion pits on 
the substrate as shown in Figure 2(b). Owing to 
the persistent LPE growth mechanism, the 

advancing film not only continues across the 
substrate but also overgrows corrosion pits, 
where the gaps are bridged by irregular, mosaic-
like crystalline domains. Thus, film texture 
becomes more mosaic with randomly oriented 
smaller grains depending on the surface 
damaging. It is so pronounced that the longer the 
exposure time in the aggressive solution, the 
more damage will occur to the substrate surface. 
 

 
Figure 3. Optical images of Bi-2212 epitaxial 

films grown on NdGaO3 (a) and MgO (b) 
substrates under the standard LPE conditions 

 
In addition, continuous epitaxial formation with 
large-grain texture can be favored by high growth 
rate depending on the supersaturation of LPE 
solution, upward transportation of solutes, and 
the cooling rate of the substrate on the long 
holder. Usually the first sets of LPE experiments 
provide high growth rate conditions for complete 
coverage of the epitaxial film texture across the 
entire degraded substrate (see Figure 3(a)). 
Under degraded conditions following sequential 
LPE growth runs, the substrate surface exhibits 
severe degradation as a result of extended 
exposure to the aggressive solution as seen in 
Figure 2(b). 
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3.2. Compositional and structural analyses of 
LPE films 
 
In the next step, the crystal structures, elemental 
compositions, and superconducting properties of 
the films grown in three different LPE 
experimental series, where impurity 
contamination was progressively reduced, were 
systematically characterized using XRD, EDS, 
and SQUID magnetometry. To minimize 
precursor aging effects, all films were prepared 
during the first or second growth run from each 
melt. 
 
EDS spectra of the films and the corresponding 
atomic percentages of the major elements are 
presented in Figure 4. In addition to the expected 
Bi, Sr, Ca, Cu, and O signals, Ga and Rh 
impurities were detected in films B-29 and B-21, 
originating from dissolution of the NdGaO₃ 
substrate and the Pt–Rh crucible, respectively 
(see Figure 4(a) and (b)). Rh impurities were 
detected only in trace amounts within the films. 
Indeed, it could not be found in sample B-22. In 
contrast, Ga originating from the substrate was 
incorporated into the films at significantly higher 
levels which were approximately 2.5% and 11% 
for films B-29 and B-21 respectively. This 
clearly indicates that Ga dissolves into the melt 
much more readily than Rh. The MgO-based film 
B-22 exhibited only Rh contamination from the 
crucible wall, while the substrate surface 
remained chemically stable in the LPE medium 
(second spectrum from the top). In contrast, the 
spectrum of film B-23, grown on an MgO 
substrate within a pure Pt crucible, shows no 
peaks attributed to extrinsic impurities (bottom 
spectrum in Figure 4(a). In addition to the 
corrosion-related impurities, a relatively high 
level of carbon contamination was also observed 
in films B-29, B-21, and B-22. Such carbon 
contamination is typically detected in EDS 
analyses of LPE-grown films, although it was not 
evident in the EDS data of sample B-23. This 
contamination is likely caused by electron-beam 
interactions with residual carbon either adsorbed 
on the film surface or present in the SEM 
chamber [20], and/or by incorporation of carbon 
residues from the precursor into the film during 
upward transport of BSCCO components. 
 

 
Figure 4. EDS patterns of LPE films grown under 

approximately the same LPE conditions on 
NdGaO3 (B-29, and B-21)) and MgO (B-22, and 
B-23) substrates (a). Film B-23 was only grown 

using pure platinum crucible, while the other films 
(B-22, B-21 and B-29) were obtained in separate 
LPE experiments performed in Pt-Rh crucible. 
Atomic percentages of all detected elements (b) 
and the major constituent elements of Bi-2212 
(Bi, Sr, Ca, Cu) (c) in the films. Dashed lines 
represent the stoichiometry of Bi-2212 single 

phase 
 
Figure 4(c) summarizes the atomic percentages 
of Bi, Sr, Ca, and Cu for each film, together with 
dashed lines representing the nominal elemental 
ratios of Bi-2212 single crystals. The EDS data 
for films B-29, B-21, and B-22, all grown from a 
Bi-2212 precursor, show notable deviations from 
the nominal Bi-2212 stoichiometry, particularly 
reduced Ca and Cu contents, which can be 
attributed to their limited solubility in the molten 
KCl flux [14, 16]. In contrast, film B-23, 
prepared using a Bi-2223 stoichiometric 
precursor enriched in Ca and Cu, exhibits an 
elemental distribution much closer to the ideal 
Bi-2212 composition. 
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XRD patterns of the films are displayed in Figure 
5. With the exception of film B-22, the 
diffraction peaks are predominantly consistent 
with the Bi-2212 phase, accompanied by minor 
reflections from the Bi-2201 phase (magnified 
using logarithmic scaling). Notably, in the B-22 
film, the Bi-2201 secondary phase constitutes 
nearly 93.5% of the volume fraction. This is 
attributed to the elevated growth temperature for 
testing MgO chemical stability. 
 

 
Figure 5. X-ray 2θ scans of epitaxial films (B-23, B-
22, B-21, and B-29) grown on MgO substrates (a, b) 

and NdGaO₃ substrates (c, d). The diffraction 
patterns exhibit sharp reflections corresponding to 

the Bi-2212 (+) and Bi-2201 (◊) phases. Peaks 
originating from the MgO and NdGaO₃ substrates 

are marked with ● and ■, respectively. The symbol * 
denotes surface-related contaminations on the 

substrates 
 

The c-axis lattice parameters of the films were 
precisely determined using the Nelson–Riley 
method, which is widely employed to minimize 
systematic errors in XRD measurements such as 
specimen displacement, transparency effects, 
and instrumental aberrations. This approach 

relies on extrapolating the lattice parameters 
obtained from individual reflections as a function 
of the Nelson–Riley function [21], defined as:  
 

𝐹𝐹(𝜃𝜃) = 1
2
�𝑐𝑐𝑐𝑐𝑐𝑐

2𝜃𝜃
sin 𝜃𝜃

+ 𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃
𝜃𝜃
�                              (1) 

 
The lattice parameters were calculated from the 
general orthorhombic relation: 
 
1

𝑑𝑑ℎ𝑘𝑘𝑘𝑘
2 = ℎ2

𝑎𝑎2
+ 𝑘𝑘2

𝑏𝑏2
+ 𝑙𝑙2

𝑐𝑐2
                                      (2) 

 
where, dhkl is the interplanar spacing obtained 
from each reflection with Miller index (h, k, and 
l) using Bragg’s law: 
 
𝑛𝑛𝑛𝑛 = 2𝑑𝑑ℎ𝑘𝑘𝑘𝑘sin 𝜃𝜃                                                          (3) 
 
Here, λ is the x-ray wavelength, and n is the 
diffraction order in Eq. (3).  
 
Figure 6 shows the variation of the c-axis lattice 
constants versus the Nelson-Riley function (Eq. 
(1)) for Bi-2212 and Bi-2201 phases which were 
calculated from the XRD result of each film. 
They reveal near-linear dependences 
demonstrating the consistent correction of the 
systematic errors across all reflections. The true 
c-axis lattice parameters of Bi-2212 in the film 
structures were determined from the extrapolated 
intercept of Nelson-Riley plots at 𝐹𝐹(𝜃𝜃) = 0 (see 
Figure 6(a)). Thus, the c-axis values for films B-
29, B-21, B-22, and B-23 were found to be 30.92 
Å, 30.94 Å, 31.12 Å, and 30.93 Å, respectively, 
which are consistent with literature values [5]. 
Typically, slight variations in Bi-2212 
stoichiometry, as well as in its oxygen content, 
lead to small deviations in the lattice parameter 
along the c-axis [22, 23]. However, the unusually 
large extension of the c-axis parameter observed 
here may result from non-uniform intergrowth of 
the minor Bi-2212 phase within the crystalline 
layers of the dominant Bi-2201 phase [24].  
In Figure 6(b) the lattice constant of the major Bi-
2201 phase in film B-22 was found to be 24.49 
Å, in good agreement with literature values [1].  
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Figure 6. The c-axis parameter analysis in XRD 

patterns of the films corresponding to Bi-2212 (a) 
and Bi-2201 (b) phases using Nelson-Riley 

extrapolation method 
 
3.3. Magnetic characterization of LPE 
superconducting films by SQUID 
 
Superconducting properties of the films were 
evaluated using magnetization measurements in 
a SQUID magnetometer under an applied field of 
1 G during warming up, after zero-filed cooling. 
Figure 7 depicts their normalized magnetic 
moment versus temperature (M-T) curves 
evaluated from their raw M-T data plotted in the 
inset. The B-23 film, prepared under the 
optimum LPE conditions with chemically stable 
materials, exhibit a M-T change with a sharp 
superconducting transition at ~80 K, with 
uniform and stable magnetization below Tc. By 
contrast, M-T curves of films B-29, B-21, and B-
22 display broader transitions starting near 70 K, 
with non-saturating magnetization curves, 
indicating structural inhomogeneities and 
impurity effects.  
 
 
 

3.4. Impurity sources and their effects on the 
superconducting properties of LPE films 
 
The presence of Ga and Rh impurities in the films 
is attributed to their partial dissolution from the 
NdGaO₃ substrate and the Pt–Rh crucible, 
respectively, through low-temperature chemical 
interactions at the solid–flux interface. In molten 
solutions, such dissolution corrosion can occur 
either via metallurgical alloying or via chemical 
reaction, depending on the local environment. 
The Rh loss at the crucible surface specifically 
indicates an alloying-driven interaction. Among 
the binary combinations of Rh with elements 
present in the BSCCO/KCl system, the Rh–Bi 
phase diagram shows a low eutectic temperature 
(~260 °C) [25], far below the typical growth 
temperature of ~870 °C. Since metallic Bi may 
be present in the KCl melt in various solute 
forms, Rh can be incorporated into the flux via 
the low-melting Rh–Bi eutectic pathway. This 
alloying effect is therefore considered the most 
credible mechanism for crucible corrosion under 
our conditions. In fact, ensuring the proper use of 
Pt and Pt-alloy crucibles remains a major 
challenge in industrial applications [26]. 
 

 
Figure 7. Normalized magnetic moment (M–T) of 
the LPE films measured during warming up in the 

SQUID magnetometer. The inset displays the 
corresponding raw M–T curves 

 
In contrast, Ga contamination originates 
primarily from chemically reactive dissolution, 
whereby surface Ga³⁺ is extracted from NdGaO₃ 
and stabilized in the flux as volatile or soluble 
Ga-chloride complexes. Despite ineffective 
chlorination of Rh or Rh-O compound by KCl 
[27], Ga readily forms solvated species such as 

28.5

29.0

29.5

30.0

30.5

31.0

31.5

0 5 10 15 20
24.30

24.35

24.40

24.45

24.50
(b)

 B-29
 B-21
 B-22
 B-23

c 
pa

ra
m

et
er

 (Å
)

(a)

Bi-2212

Bi-2201

(cos2θ/sinθ) + cos2θ/θ (rad)



Yilmaz Simsek 

81 
 

GaCl3 in molten chloride media [28]. This flux-
mediated leaching mechanism provides a 
favorable pathway for Ga transport into the 
solution and ultimately into the growing BSCCO 
films, illustrating the aggressive chemical 
environment imposed by the BSCCO/KCl 
system. 
 
Impurities released from the corrosion of 
materials in the aggressive KCl melt are 
transported by the upward temperature gradient 
and incorporated into the growing films during 
nucleation on the cooler substrate surface. Such 
incorporated impurities can significantly 
suppress the superconducting properties of Bi-
2212 films [29]. For example, although films 
grown on NdGaO₃ (B-29 and B-21) exhibit 
similarly high fractions of the Bi-2212 phase, the 
magnetization of film B-21 is noticeably lower 
due to its substantially higher Ga impurity 
content (see Figure 7). This indicates that the 
corroded substrate surface serves as a proximal 
source for impurity incorporation into the films. 
 
In addition, as the surface morphology of the 
substrate deteriorates in the aggressive molten 
environment, the epitaxial film tends to form 
more complex textures consisting of overlapping 
smaller grains. The grain size in the films grown 
on NdGaO₃ is not small enough to strongly 
suppress superconductivity. However, the 
smaller the grain size, the greater the number of 
grain boundaries, making the quality of 
intergrain coupling critical for establishing 
robust bulk superconductivity. It is well known 
that poor grain connectivity can significantly 
suppress superconductivity [30]. Consequently, 
the broadened and weakened superconducting 
transition observed in the magnetization curves 
of films B-29 and B-21 can be attributed to both 
Ga impurity incorporation and poor intergrain 
coupling within their small-size grain textures. 
 
The magnetization of these films is even lower 
than that of the two-phase film (B-22) grown on 
MgO. Although B-22 predominantly consists of 
Bi-2201 phase according to XRD, it exhibits a 
broad superconducting transition starting near 70 
K, indicative of a dominant Bi-2212-like 
behavior. As is well known, the Bi-2201, Bi-
2212, and Bi-2223 phases, distinguished by their 
distinct numbers of CuO₂ layers (n = 1, 2, and 3 

respectively), may readily coexist as a 
multiphase mixture in BSCCO films, and each 
has its own impact on the resulting 
superconducting properties. Occasionally, 
additional CuO₂ layers intergrow within the 
matrix. These intergrowths form locally 
segregated regions whose superconducting 
behavior corresponds to that of a BSCCO phase 
with the same effective number of CuO₂ layers 
[13, 14]. For film B-22, the presence of extra 
CuO₂ layers intergrown within the Bi-2201 
matrix likely enhances the magnetization signal 
by inducing a Bi-2212-like superconducting 
response. Because these additional CuO₂ layers 
do not accumulate in a fully ordered sequence, 
they may not be clearly visible in the XRD 
patterns. However, the EDS result of B-22 shows 
nearly the same elemental stoichiometry as films 
B-29 and B-21. This suggests that numerous 
intergrown extra CuO₂ layers in addition to trace 
amounts of Bi-2212 are present within the film. 
This can account for the strong Bi-2212-like 
signal observed in the magnetization 
measurements. 
 
In contrast, film B-23 exhibits a sharp 
superconducting transition at 75–80 K because it 
contains no measurable impurity atoms and 
possesses a high-quality Bi-2212 texture with 
large-size grains. Only the film shows a Tc 
significantly lower than the optimal value of ~90 
K due to its reduced oxygen content. Altogether, 
these observations highlight the critical 
importance of the chemical stability of the 
materials, particularly the substrates, used in the 
LPE system. 
 
4. Conclusion 
 
In this study, corrosion effects of LPE materials 
were systematically investigated under well-
established conditions for the growth of high-
quality Bi-2212 films. It was found that the Pt–
Rh crucible and the NdGaO₃ substrate underwent 
noticeable corrosion in the BSCCO/KCl melt, 
while the pure Pt crucible and the inert MgO 
substrate remained stable throughout the growth 
process. Trace impurities were detected in the 
films as a consequence of dissolution processes 
at the crucible and substrate interfaces. 
Specifically, Ga from NdGaO₃ and Rh from Pt–
Rh crucibles were incorporated into the BSCCO 
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lattice, either through substitution at cation sites 
or by segregation at grain boundaries. Their 
presence was correlated with a significant 
suppression of the superconducting properties. 
Beyond impurity incorporation, substrate 
dissolution was found to alter the film 
microstructure, leading to more mosaic textures 
with overlapping smaller grains. This 
degradation in crystalline quality, combined with 
impurity effects, accounts for the observed 
reduction in superconducting performance. 
These results highlight the critical importance of 
chemical inertness in crucibles, substrates, and 
other LPE materials for controlling impurity 
incorporation and preserving the structural and 
functional quality of LPE-grown cuprate films. 
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