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Abstract: The research focuses on the effects observed in the 
superconducting material resulting from the annealing of 
Bi₂Sr₂Ca₃Cu₄O₁₀₊δ samples at varying temperatures, starting at 650 °C 

and increasing by 100 °C on three occasions; that is, in the second case the 
temperature reaches 750 °C and in the third it reaches 850 °C. In each 
case, we record the changes in the structure of the material used, as well 
as their effect on conductivity. The material was prepared in vitro using the 
solid-state method and synthesised nanoscale. The material was calcined in 
an oxygen atmosphere to control the phase growth and the structure of the. 
The results of the X-ray diffraction analysis showed a sequential transition 

from low-order layers to a well-developed phase, Similarly, the results of 
the electrical testing showed a marked improvement in conductivity at 
elevated temperatures, whilst atomic force microscopy (AFM) scans 
revealed good interparticle bonding within the nanomaterial, The rough 
surface and distinctive structural morphology at high temperatures 
demonstrated that the optimum temperature for achieving a 
superconducting application is 850 °C in the bismuth compound used. 
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Introduction 

Superconducting materials possess magnetic and structural properties that set them apart from 

other materials, and this has made them a subject of interest to researchers and academics, 

particularly in recent years. Their stable chemistry, satisfactory natural abundance, high 

magnetic permeability, and distinctive electrical properties, All these properties and 

characteristics make them suitable for numerous applications, particularly in power converters, 

as well as in electronic circuits and communications, as they can be manufactured in the form 

of nanoparticles [1] and can also be used in a wide range of applications, for example in 

magnetic fluids [2], and they also have practical significance in biomedicine [3]. What makes 

these materials important is that their particles are influenced by the shape and size in which 

they are manufactured [4], [5], Currently, nano-sized magnetic oxide particles are being 

utilised with great interest due to their ideal practical applications, as they are applied and 

employed in numerous industries [6]. From among the various nanoparticles, materials with 
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superconductivity can be selected for use in vast applications, particularly in electronics, due 

to their unique and remarkable properties [7][8], as they are biocompatible and represent an 

environmentally friendly material used in such applications [9]. As for the preparation of these 

materials, there are various methods for manufacturing them and reducing them to nanoscale 

[10] [11]. Among these methods are sol-gel and solid-state synthesis; following synthesis, the 

materials are calcined in a furnace at various high temperatures, and their structural properties 

are recorded at each specific temperature [12]. Through these results, the effects of increasing 

temperatures and other conditions under study can be documented[13].  It is also possible to 

dop these materials by adding nanomaterials such as Group V elements and others [14] 

through this doping, numerous changes corresponding to relevant applications can be studied 

[15], [16]. Superconductivity is one of the most fascinating physical phenomena in solid-state 

physics, due to its unconventional properties that deviate from the behaviour of materials under 

normal conditions [17]. Some materials, when cooled to below a few kelvins (in some cases 

less than 1.5 K), enter into a superconducting state where the electrical resistance of these 

solid conductors disappears entirely! These materials can carry electric current without energy 

loss and heat production, placing them in a class of highly efficient materials that have 

applications such as loss-free power transmission and superconducting technologies [19] [18]. 

The temperature at (above or below) which this phase transition takes place, known as the 

critical temperature (Tc), varies from material to material based on their electronic structure 

and atomic bonding characteristics. So, researchers are forever looking at the periodic table 

trying to find out different elements or a compound that possess superconducting features in 

extremely low temperature environment or with more intermediary higher heat. [20]  High-

temperature superconductors are among the most significant characteristics of these materials, 

as they conduct current with zero resistance when cooled using substances such as liquid 

nitrogen. Among the most important of these materials are ceramics, due to their multiple 

structural layers. An example is bismuth, which is the subject of this research It can form 

multiple phases when synthesised as a nanoparticle, and its distinctive phases can be obtained 

through specific laboratory preparation conditions; high sintering temperatures are the most 

important factor in improving the phases and the aggregation of nanoparticles. In this study, 

we investigate the effect of different temperatures on the structural and electrical properties 

of the compound used, as determined by XRD, SEM and AFM analyses, which enable us to 

identify the optimal performance of these materials. 

 

Ingredients And Preparation Methods 

▪ The Bi-Sr-Ca-Cu-O system compounds were prepared using 99% pure chemicals, such 

as Bi2O3, bismuth oxide, Sr(NO₃)₂, strontium nitrate, CaO, calcium oxide, CuO, copper oxide, 

and isopropyl alcohol C₃H₃O, which was used as a solvent and helped mix the powders to 

achieve total homogeneity. During the sintering and annealing operations, oxygen gas (O₂) is 

used to create a saturated oxidizing environment. 

▪ Tools for preparing samples 

The following equipment and supplies were used during sample preparation: 

1-     G.M.B.A precision balance with an accuracy of 0.0001 g 

2- Ceramic boat 

3-   Small mortar and pestle 

4-    Electric furnace with a maximum temperature of 1150°C 

5-    Hydraulic press with a pressing force ranging from 1 to 15 ton/cm² 

Once the chemicals had been accurately weighed out according to the specified ratios, each 

sample was mixed using a ceramic mortar and an agate pestle. Mechanical grinding was carried 

out for a full hour to ensure complete homogenisation of the components. Isopropanol (C₃H₈O) 

was introduced as a co-solvent when grinding in order to prevent the loss of fine particulates 

during mixing and improve particle homogenisation. After the grinding process was complete, 
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isopropanol from the sample was fully removed by evaporation in an electric oven operated at 

750 °C before moving to further thermal steps. 

LABORATORY RESULTS FOR THE SYNTHESIS OF THE COMPOUND (Bi₂Sr₂Ca₂Cu₃O₈₊δ) 

▪ X-RAY DIFFRACTION RESULTS 

According to the X-ray diffraction results, as shown in Table (1) and Figure (1), it can be 

confirmed that annealing temperature significantly influences the crystal phase ratios of Bi-

2223 compound. Examination of the primary reaction catalyst reveals an increased proportion 

(45%) of the secondary phase Bi-2201 at a temperature 650 °C, with a very low percentage 

for that of Bi2277 (%5), which indicates incomplete in terms large degree [28]. The amount of 

Bi-2201 phase drastically decreases to 3% while the proportion of the Bi-2212 reaches around 

35%, but very small amounts (6%) are found for that synthesis temperature. At 850 °C, 

however, there is a marked shift in the composition of the Bi-2223 phase, which reaches 85%, 

whilst the secondary phases decrease to negligible levels (2% for Bi-2201 and 20% for Bi-

2212). This marked shift reflects the effectiveness of annealing at 850 °C in promoting the 

formation of the desired high-conductivity phase and reducing impurities and undesirable 

phases, confirming that this temperature is the most suitable for preparing the Bi-2223 

compound with high crystalline purity. Figure (2) shows the change in the phase ratio of the 

compound at different calcination temperatures.  

 

 

Figure 1. Results of X-ray diffraction for the Bi₂Sr₂Ca₂Cu₃O8₊δ combination at various 

annealing temperatures. 
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Table 1. Structural properties of Bi₂Sr₂Ca₂Cu₃O8₊δ samples annealed at different 

temperatures. 

 

Table (1) shows that the c/a ratio underwent a marked change with variations in the crystal 

lattice dimensions, increasing from 5.62 to 6.9 as the c-axis length increased from 30.2 Å to 

37.1 Å, clearly indicating that this phase was effectively formed in the third sample. 

Furthermore, the lattice constants a and b maintained typical values (≈5.4 Å), supporting the 

structural match with the expected crystal structure of the Bi-2223 compound. Thus, the 

increase in the c/a ratio to 6.9 is a strong indication of the complete formation of the 

superconducting Bi -2223 superconducting phase in this sample, compared to the other two 

samples which exhibited lower c-axis ratios and lower c/a ratios, suggesting that they contain 

secondary or incompletely formed crystalline phases. Figure (3) shows the variation in the c/a 

ratio with changes in annealing temperatures. 
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Figure 2. Variation in phase fractions during the synthesis of the compound Bi₂Sr₂Ca₂Cu₃O8₊δ 

and the impurity content as a function of annealing temperature. 

 

Figure 3. shows the values of c/a as a function of the annealing temperatures used in the 

preparation of the Bi₂Sr₂Ca₂Cu₃O8₊δ compound. 

 

The Debye–Scherrer equation was used to calculate the average crystal size D_sh for the Bi-

2223 phase samples; as shown in Table (2) and Figure (4), the sample treated at 850 °C 

exhibited the highest average crystal size, which reached D_sh = 62.3 nm, indicating good, 

large-sized crystal growth, reflecting a high degree of internal order in the crystal lattice and 

the effective and stable formation of the Bi-2223 phase. This improvement can be attributed 

to the availability of sufficient thermal energy, allowing the atoms to rearrange within the 

crystal structure and form relatively large crystals. As for the sample treated at 750 °C, 

recorded an average crystal size of D_sh = 39.5 nm, which is higher than that of the sample 

treated at 650 °C but still lower than the value achieved at 850 °C, indicating the onset of the 

target phase formation, albeit with partial crystallisation. Meanwhile, the sample treated at 

650°C showed the lowest average crystal size (28.6 nm), suggesting that the temperature was 

insufficient to achieve uniform crystal growth, and this may be accompanied by the presence 

of undesirable secondary phases. Based on these results, it can be concluded that 850°C is the 

optimum temperature for stimulating crystal growth and achieving the highest structural 

quality of the Bi-2223 phase, which has a positive impact on the structural and, possibly, 

electrical properties of the samples. 

 

Table 2. Average crystal size of Bi₂Sr₂Ca₂Cu₃O8₊δ samples at different annealing 

temperatures, calculated using the Debye–Scherrer equation. 

Annealing Temperature (°C) Average Crystallite Size Dₛₕ (nm) 

650 28.6 

750 39.5 

850 62.3 
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Figure 4. Crystal size as a function of annealing temperature for samples of the 

Bi₂Sr₂Ca₂Cu₃O8₊δ compound. 

 

▪ RESULTS ON THE ELECTRICAL RESISTIVITY AND CRITICAL TEMPERATURE OF THE 

( Bi₂Sr₂Ca₂Cu₃O₈₊δ) COMPOUND 

The relationship between the superconducting transition temperature T_C and the hole 

concentration p in Bi-2223 phase samples prepared at different annealing temperatures was 

investigated, with three superconducting transition temperatures identified. The results shown 

in Table (3) that the sample treated at 850 °C had the highest transition onset temperature 

(113.8 K) and the narrowest transition range (ΔT_C = 4.2 K), indicating the formation of a 

high-purity Bi-2223 phase with good structural order. The vacancy concentration in this sample 

was p = 0.1388, which falls within the ideal range cited by many researchers for maximising 

Tc in layered materials such as Bi-2223. The sample prepared at 750 °C, on the other hand, 

exhibited a transition temperature of 110.5 K and a hole concentration of 0.13, indicating the 

formation of the superconducting phase, albeit to a lesser degree than ideal. Meanwhile, the 

sample prepared at 650 °C recorded the lowest transition onset temperature of 104.2 K and a 

hole concentration of 0.12, indicating a low number of carriers (holes) and an incomplete 

structural transformation. These results indicate a close relationship between the hole 

concentration p and the superconducting transition temperature T_C, where T_C increases with 

rising p up to an optimal point, then begins to decrease if the holes exceed the optimum limit.  

We conclude from this that a temperature of 850 °C is the most suitable for obtaining the best 

superconducting properties in the Bi-2223 phase.  Figure (5) shows the relationship between 

resistivity as a function of temperature for the compound Bi₂Sr₂Ca₂Cu₃O₈₊δat different 

annealing temperatures, whilst Figure (6) shows the relationship between gaps and annealing 

temperatures for the compound Bi₂Sr₂Ca₂Cu₃O₈₊δ 
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For samples of the compound Bi₂Sr₂Ca₂Cu₃O₄₊δ annealed at various temperatures, Figure (5) 

displays the curves of the relationship between electrical resistance and temperature, showing 

each sample's transition to the superconducting state. 

 

Table 3. Critical temperatures and pore concentrations for samples of the compound 

Bi₂Sr₂Ca₂Cu₃O₈₊δat different annealing temperatures. 
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650 104.2 101.8 4.7 0.121 

750 110.5 107.6 5.1 0.13011 

850 113.8 111.2 4.2 0.13886 
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Figure 6. shows the relationship between the annealing temperature and impurity 

concentration (p) for samples of the Bi₂Sr₂Ca₂Cu₃O₄₊δ compound. 

 

▪ SCANNING ELECTRON MICROSCOPY (SEM) RESULTS FOR THE (Bi₂Sr₂Ca₂Cu₃O₈₊δ) 

COMPOUND 

A detailed microscopic analysis of the Bi-2223 sample was carried out using a scanning electron 

microscope (SEM) after annealing at three different temperatures, with the aim of studying the 

effect of heat treatment on the microstructure of the compound and its relationship to its 

superconducting properties at 650 °C. The SEM images revealed an irregular structure with 

small, heterogeneous grains and distinct porosity, as shown in Figure (7) This indicates that 

the thermal energy was insufficient to achieve mature crystal growth, resulting in weak 

intergranular bonding and the presence of crystalline voids, which explains the reduced 

superconducting performance and the broadening of the superconducting transition 

temperature (ΔTc) in this sample. In addition, high porosity can trap impurities or disturb 

oxygen concentrations that compromise the superconducting electronic pathways. Plate-like 

crystals with well-defined edges were observed, along with a notable increase in the grain size 

and homogeneity within samples synthesized at 750 °C sincethis condition indicates an 

improvement of crystal growth contributing to better formationof more stable Bi-2223 phase. 

The enhancement in the structural properties results into improve connectivity among grains, 

consequent more pronounced superconducting transition and marginally higher 

superconducting transition temperature T_C as depicted on Fig. 
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Figure 7. shows a scanning electron microscope image of the compound Bi₂Sr₂Ca₂Cu₃O₄₊δ at 

650 °C. 

Figure 8. shows a scanning electron microscope image of the compound Bi₂Sr₂Ca₂Cu₃O₄₊δ at 

750 °C. 

 

As illustrated in Figure (9), the sample annealed at 850 °C displayed more obvious 

characteristics of advanced crystallisation, with larger and better bounded intergranular grains. 

This was due to the fact that at high temperature enough energy is provided to reshuffle atoms 

on a stable crystal lattice leading to a qualitative increase of both grain density and structural 

bonding. In addition, as the typical feature of textured crystal growth (Textured Growth) 

revealed that layers melted crystallised along a direction favourable for transporting 

supercurrent within ab-plane which is considered optimal property in Bi-2223 based materials. 

Indeed, the structural alignment is perfectly compatible with electrical results being enabled 

for this sample a higher superconducting critical temperature and narrower transition width. 

Therefore, results from microscopic examination indicate that the annealing temperature is a 

crucial parameter for achieving quality of compound’s micro-structure and that conducting an 

excess layer at 850 °C offers optimal condition which aids in developing mature crystal 

structure enhancing superconducting aspects of Bi₂Sr₂Ca₂Cu₃O₈₊δ compound. 
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Figure 9. shows a scanning electron microscope image of the compound Bi₂Sr₂Ca₂Cu₃O₄₊δ at 

850 °C. 

▪ RESULTS OF ATOMIC FORCE MICROSCOPY (AFM) ANALYSIS OF THE 

(Bi₂Sr₂Ca₂Cu₃O₈₊δ) COMPOUND 

Fig. (10) Surface topography of annealed Bi₂Sr₂Ca2Cu₃O₈ + δ samples taken at three different 

temperatures were performed with atomic force microscopy (AFM), which display a measure 

for this high-temperature process, the dealing toward surface structure and also nanoscale 

roughnesess It was found from the result that roughness values and surface roughness 

coefficient were significantly different with respect to treatments temperature. The data for 

surface roughness at 650° also indicates that the average Sa is roughly around 9.8, medium 

to high but quite irregular and Sdr was ≈96.2%. These values point to a weak atomic 

rearrangement during annealing, resulting in non-uniformly distributed nanocrystals and 

incomplete crystal growth neither of which are conducive to good superconducting 

performance. On the other hand, there was a pronounced improvement concerning surface 

regularity in the sample annealed at 750 °C as for this group of samples Sa value decreased 

to around 5.6 nm while Sdr achieved nearly up to double number-72.4 % with more ordered 

crystalline structure started developing [24]. But the surface topography shows some slight 

variations, revealing that crystallisation isn't finished yet. On the contrary, for the sample 

annealed at 850 °C (Fig. 6g), a moderate trend of lower roughness along with smoother surface 

structure was noted as it resulted in Sa and (Sdr) values to be decreased to only3.2 

nmand48.9%, respectively 

These values indicate mature crystallisation and a regular distribution of nanocrystalline peaks 

and voids, reflecting a highly ordered structure closely associated with improved electrical 

performance and an increase in the superconducting transition temperature (Tc). This 

behaviour is consistent with the SEM and XRD results, which showed a phase transition to Bi-

2223 and clear crystalline stability in the treated samples at this temperature. 
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An atomic force microscope image of the Bi₂Sr₂Ca₂Cu₃O₄₊δ compound at different annealing 

temperatures is displayed in Figure 10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. shows the relationship between the annealing temperature and the average surface 

roughness (Sa) of samples of the Bi₂Sr₂Ca₂Cu₃O₈₊δcompound, as measured using AFM. 
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Figure 12. shows the correlation between surface roughness (Sdr) and annealing temperature 

for Bi₂Sr₂Ca₂Cu₃O₄₊δ compound samples as determined by AFM 

 

Conclusion 

The results of the analysis showed that high calcination temperatures are the key factor in the 

excellent growth of the nanomaterial phase; optimal nanoscale dimensions were also obtained. 

Furthermore, SEM and AFM analysis at high temperatures revealed clear grain size distribution 

and distinct aggregation of nanoparticles, as well as surface compatibility, resulting in very low 

electrical loss. A comparison of the three temperatures used for calcining the samples indicated 

that the highest temperature, 850 °C, is the critical temperature be considered ideal for 

obtaining a distinctive crystalline nanostructure and high-quality superior conductive properties 

for the material used in the study. 
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