Influence of Indium Substitution on the Morphological Properties of Hg-Based Thin Films Deposited by PLD
Doaa Jameel Lafta1, a) and Haider MJ. Haider1, b
1 Kufa University - Faculty of Education for Girls- Physics Department, Najaf- Iraq
a) Doaaj.ail@student.uokufa.edu.iq
b) Corresponding author: hayderm.alhayderi@uokufa.edu.iq
Abstract. Thin films of Hg₁₋ₓInₓBa₂Ca₂Cu₂.₈Ti₀.₂O₈ were successfully synthesized using the pulsed laser deposition (PLD) technique with varying indium concentration (0.0x0.2). The effect of indium incorporation on the structural and morphological features of the films was systematically investigated. X-ray diffraction (XRD) patterns revealed a continuous enhancement in crystallinity with increasing In content, achieving an optimum order at x = 0.12, where the diffraction peaks became sharper and more intense, accompanied by a slight shift toward higher 2θ values, indicating c-axis contraction and improved lattice coherence. Field emission scanning electron microscopy (FESEM) and atomic force microscopy (AFM) analyses confirmed the structural observations, revealing a dense, homogeneous, and fine-grained nanostructure with minimal roughness at the same concentration. However, further increase in indium content (x ≥ 0.16) resulted in microstructural degradation and the appearance of grain clustering due to excess strain and partial phase segregation. Overall, the study demonstrates that moderate indium substitution (x = 0.12) yields the most stable and compact nanostructure, representing the optimum condition for producing high-quality Hg-based superconducting thin films.
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INTRODUCTION
High-temperature superconductors (HTS) are among the most remarkable materials in solid-state physics due to their unique properties, such as zero electrical resistance and perfect magnetic flux exclusion, which make them highly promising for applications in advanced electronics, magnetic levitation, and energy transport systems [1,2].
Among these systems, the mercury-based cuprates (Hg-based cuprates) occupy a special position because they exhibit the highest superconducting transition temperature (Tc ≈ 135 K) reported for the compound HgBa2Ca2Cu3O8+δ(Hg-1223)[3]. Recent studies have shown that chemical substitution within these materials is an effective route to tune the crystal lattice and improve the morphological growth quality of thin films [4,5]. Indium (In³) is one of the most promising elements to partially replace mercury (Hg²) because of their similar ionization energies and its ability to enhance structural stability by reducing the ionic vacancies within the Hg–O layer, leading to improved lattice ordering and lower defect density [6]. Pulsed laser deposition (PLD) technique enables the fabrication of high-quality superconducting thin films with precise thickness control and fine nanostructural organization. Through careful adjustment of pulse energy and deposition rate, PLD can promote oriented or semi-epitaxial growth, which is essential for achieving strong crystallographic texture [7,8]. However, challenges in controlling the growth parameters—especially in systems containing volatile elements such as mercury—often lead to the formation of micrometer-sized droplets or secondary phases that affect surface smoothness and grain compactness [9]. Electron microscopy (FESEM) provide valuable insight into grain distribution, surface uniformity, and nanoscale roughness, which are directly related to crystal growth mechanisms and phase stability [10]. Complementary X-ray diffraction (XRD) analysis allows tracking of variations in crystal size and orientation as a function of indium substitution [11]. Based on this framework, the present work aims to investigate the morphological evolution resulting from partial indium substitution at the mercury site in the Hg1-xInₓBa2Ca2Cu2.8Ti0.2O8+δ system. A comprehensive analysis of AFM, FESEM, and XRD results across multiple indium concentrations (0.0x0.2) was performed to understand how nanostructural organization and surface quality evolve with composition and to identify the optimum substitution level for homogeneous film growth. 
EXPERIMENTAL
A series of superconducting thin films with the nominal composition Hg1-xInₓBa2Ca2Cu2.8Ti0.2O8+δ were prepared, where the indium substitution ratios at the mercury site were varied as x = 0.00, 0.04, 0.08, 0.12, 0.16, and 0.20. High-purity precursors (≥ 99.9%) of HgO, In₂O₃, BaCO₃ (or BaO), CaCO₃, CuO, and TiO₂ were accurately weighed according to the stoichiometric proportions of the target composition. 
The PLD targets were fabricated using the conventional solid-state reaction (SSR) method. The powders were initially mixed in an agate mortar for about 30 min, then homogenized further using a mechanical mixer with steel balls for approximately one hour to ensure uniform blending. The resulting mixture was pressed into pellets of (1–2) cm diameter and (3–5) mm thickness under a high uniaxial pressure of about 9–10 tons. Preliminary sintering was carried out in an oxidizing atmosphere (air or O2) at 750 °C for 24 h, followed by controlled cooling. To minimize mercury loss, the pellets were placed inside closed alumina crucibles during sintering.
Glass substrates were used for the deposition process. The substrates were sequentially cleaned in acetone, isopropanol, and deionized water using an ultrasonic bath for (10–15) minutes in each solvent, dried under pure nitrogen flow, and optionally treated with oxygen plasma to enhance surface energy and adhesion. Since glass is an amorphous material, the resulting films are expected to exhibit strong texture (highly oriented or randomly aligned) rather than perfect epitaxial growth as observed on crystalline substrates like MgO or SrTiO.Thin-film deposition was performed using a Nd: YAG laser operating at a wavelength of 1064 nm, with a pulse duration of (5–10) ns and a repetition rate of (5–10) Hz. The laser fluence on the target was maintained between (1.5 and 3.0) J/cm² at an incident angle of ≈ 45°, with a target–substrate distance of (4–5) cm. The deposition chamber was evacuated to (10-4–10-5) Torr, then backfilled with oxygen to the desired working pressure.After deposition, the films were subjected to post-annealing in flowing oxygen at (350–500) °C for (1–2) hours to improve oxygen ordering and structural stability. To further stabilize the superconducting phase and reduce mercury volatilization, the samples were cooled slowly in a controlled oxygen atmosphere.Through this procedure, dense and uniform nanostructured thin films were obtained, suitable for detailed structural and morphological characterization using XRD, FESEM, and AFM, as illustrated in Fig. 1.
	

	FIGURE 1. Photographic illustration of the prepared samples along with the pulsed laser deposition (PLD) system




RESULTS AND DISCUSSIONS
   After the thin films were successfully prepared, the samples underwent a series of precise structural and morphological characterizations to investigate their crystalline structure and surface topography, aiming to understand the influence of indium substitution ratios on crystal growth and surface uniformity. X-ray diffraction (XRD) analysis was carried out using a Cu Kα radiation source (λ = 1.5406 Å) to identify the formed crystalline phases and to study the structural characteristics of the deposited films. The diffraction patterns were recorded within the angular range of 2θ = 10°–80° at a slow scan rate to enhance peak resolution. The obtained data were used to calculate the lattice parameters (a, b, c) and the c/a ratio, as well as to determine the average crystallite size (D) according to the Scherrer equation , where K is the shape factor (≈0.9), λ is the X-ray wavelength, β is the full width at half maximum (FWHM) of the diffraction peak, and θ is the Bragg angle. The Miller indices (hkl) of the main reflections were identified by comparison with the standard JCPDS reference cards corresponding to mercury-based superconducting phases of the Hg-1212 type [12].To complement the structural findings, the surface morphology and grain structure of the thin films were examined using field-emission scanning electron microscopy (FESEM). Micrographs captured at various magnifications (ranging from 4,000× to 120,000×) revealed the evolution of the grain distribution, surface density, and overall homogeneity with increasing indium substitution. The analysis provided clear evidence of the relationship between surface texture and crystal growth behavior, showing variations in grain connectivity and compactness that reflect the influence of indium content on the film formation process [12].
TABLE 1. Shows the phase ratios, lattice parameters, and (c/a) ratio
	Dm (gm/cm3)
	V (A)3
	c/a
	C (A)
	b (A)
	a (A)
	X

	6.049574
	239.8535
	4.27608
	16.36864
	3.827954
	3.827954
	0

	7.063505
	204.6926
	3.87449
	14.53819
	3.752286
	3.752286
	0.04

	6.242672
	230.7799
	4.4717
	16.64873
	3.723132
	3.723132
	0.08

	5.984984
	239.8535
	4.27608
	16.36864
	3.827954
	3.827954
	0.12

	8.491626
	168.443
	5.019437
	16.19028
	3.225517
	3.225517
	0.16

	6.022996
	236.6249
	4.1717
	16.0287
	3.84221
	3.84221
	0.20
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	FIGURE 2. X-ray diffraction (XRD) patterns of Hg1-xInₓBa2Ca2Cu2.8Ti0.2O8+δ thin films prepared by PLD at different indium substitution levels (x = 0.00–0.16), showing the main diffraction peaks corresponding to the tetragonal phase and the evolution of peak intensity and position with increasing in content.



In addition, atomic force microscopy (AFM) was employed to characterize the nanoscale topography and quantify the surface roughness parameters. Three-dimensional AFM images were obtained over scan areas of (1×1) µm² and (5×5) µm², allowing precise measurement of the root mean square roughness (Sq), skewness (Ssk), kurtosis (Sku), and surface area ratio (SA/PA). The AFM analysis confirmed the improvement in surface smoothness and uniformity at intermediate substitution levels, corresponding to enhanced crystal ordering and reduced defect density observed in the XRD and FESEM results. The combined findings from these three techniques provided a comprehensive understanding of how indium substitution influences both the structural integrity and morphological quality of the Hg1-xInₓBa2Ca2Cu2.8Ti0.2O8+δ thin films.
The results obtained from X-ray diffraction (XRD), field-emission scanning electron microscopy (FESEM), and atomic force microscopy (AFM) revealed a clear evolution in both structural and morphological properties of the Hg1-xInₓBa2Ca2Cu2.8Ti0.2O8+δ thin films as the indium substitution ratio increased within the range (0.0x0.2). The XRD patterns showed that the reference film (x = 0.00) exhibited broad and weak diffraction peaks, indicating limited crystallinity and the possible presence of secondary phases or structural imperfections caused by partial mercury volatilization during deposition [13].
At low substitution levels (x = 0.04–0.08), the diffraction peaks became sharper and more intense with a noticeable reduction in full width at half maximum (FWHM), signifying an increase in crystallite size and a decrease in internal lattice strain. The main reflections (003), (004), (101), (102), (110), and (007) displayed a slight shift toward higher 2θ values (Δ2θ ≈ +0.2° to +0.4°) compared to the undoped sample. This behavior is attributed to the substitution of smaller In³⁺ ions for the larger Hg²⁺ ions, resulting in a slight contraction along the c-axis and enhanced bonding within the Cu–O layers. At the intermediate composition (x = 0.12), the diffraction peaks reached them [14].
maximum sharpness and intensity, accompanied by strong c-axis-oriented growth, which reflects the highest degree of crystallinity and structural stability. However, at higher substitution levels (x ≥ 0.16), the peaks became broader and less intense, shifting slightly toward lower angles (Δ2θ ≈ −0.2° to −0.3°), indicating an expansion of the c-axis, increased lattice distortion, and the appearance of In-rich secondary phases such as In2O3.
These structural observations are in full agreement with the FESEM images, which revealed a parallel morphological evolution across the series of samples [15]. The reference film (x = 0.00) exhibited a continuous but relatively rough surface, consisting of irregularly distributed nanograins intermixed with micrometer-sized droplets and clusters (5–10 µm). These large particulates originate from laser-induced splashing and partial mercury evaporation during pulsed laser deposition (PLD), both of which disrupt the uniformity of the growing film. With the introduction of indium at low concentrations (x = 0.04–0.08), a clear improvement in surface morphology was observed. The films became smoother and more homogeneous, displaying well-distributed nanograins of approximately 25–45 nm with significantly fewer voids between neighboring grains. This enhanced uniformity suggests improved grain connectivity and a reduction in structural defects, likely due to the stabilizing influence of indium on the crystal lattice. The pronounced decrease in the number and size of surface droplets further indicates more stable plume dynamics during PLD, promoting denser film formation and the development of more effective magnetic flux-pinning centers, which are crucial for optimizing superconducting performance [16]. At the optimal doping level (x = 0.12), the film exhibited its highest structural quality, characterized by a compact, dense, and highly coherent nanograin network. The grains were tightly packed with nearly complete elimination of micro-voids, demonstrating a high degree of lattice ordering. Such morphology typically correlates with improved superconducting properties due to minimized weak-link regions and enhanced current-carrying pathways. However, at higher concentrations (x ≥ 0.16), the trend reversed. The excessive indium substitution introduced substantial lattice strain, driving the nanograins to aggregate into larger clusters and irregular microstructures. This agglomeration degraded the overall film homogeneity and compromised the smoothness of the surface. The formation of larger grain aggregates indicates that the crystal lattice becomes increasingly unstable beyond the optimal doping limit, leading to defect accumulation and local structural distortions [17]. Consequently, the morphological deterioration at higher doping levels reflects a breakdown in film quality, consistent with the expected structural limitations of over-substituted cuprate systems.
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FIGURE 4. FESEM micrographs of Hg1-xInₓBa2Ca2Cu2.8Ti0.2O8+δ thin films at various indium concentrations: (a) x = 0.00 Irregular nanograins with micro-droplets. (b) x = 0.04 – Improved uniformity and finer grains. (c) x = 0.08 – Compact, homogeneous nanostructure. (d) x = 0.12 – Densely packed optimal morphology. (e) x = 0.16 – Grain clustering and increased roughness. (f) x = 0.20 – Irregular large particles and phase segregation.

AFM analysis further supported these findings. The quantitative surface parameters—root mean square roughness (Sq), skewness (Ssk), and kurtosis (Sku)—confirmed that the sample with x = 0.12 had the lowest roughness (Sq ≈ 4.99 nm), nearly symmetric height distribution (Ssk ≈ 0.099), and moderate kurtosis (Sku ≈ 3.81), along with the lowest surface area ratio (SA/PA ≈ 1.261). These values indicate a highly uniform, smooth, and Stable nanostructured surface [18]. For higher substitution levels (x ≥ 0.16), both the roughness and surface irregularity increased significantly (Sq ≈ 7.62 nm, SA/PA ≈ 1.517), suggesting enhanced strain and grain aggregation. Although the x = 0.20 sample showed an apparently lower roughness (Sq ≈ 2.85 nm), it’s extremely high kurtosis (Sku ≈ 10.18) reflected an uneven surface likely caused by phase separation and the formation of a thin, smooth secondary In2O3 layer covering residual grains from the main phase [19].
In summary, limited indium substitution (up to x = 0.12) was found to significantly enhance the structural and morphological quality of the films. Within this range, indium effectively improved lattice ordering, reduced macrostrain, and promoted the formation of uniformly distributed nanograins with stronger intergrain coupling [20]. These improvements reflect a more stable crystal framework in which strain relaxation and controlled defect formation support coherent grain growth and improved film density. Beyond the optimal substitution level, however, excess indium introduced noticeable structural distortion and partial phase segregation. These effects manifested as surface roughening, nanograin agglomeration, and the development of micro-scale clusters, indicating a breakdown in lattice stability and an accumulation of local strain fields. Such over-substitution disrupts the ordered perovskite-like structure, leading to morphological degradation that weakens both grain connectivity and overall film quality [21]. The close agreement between XRD, FESEM, and AFM results reinforces the conclusion that x = 0.12 represents the optimal indium substitution ratio. At this composition, the film achieves the best balance between crystallographic order and morphological smoothness, exhibiting a compact nanostructure with strong c-axis orientation, minimal surface roughness, and high grain uniformity. These characteristics are essential for high-performance superconducting thin-film applications, where enhanced grain alignment and reduced defect density directly support improved electrical transport properties [22].
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FIGURE 5. AFM 3D surface topography and corresponding height distribution histograms for Hg1-xInₓBa2Ca2Cu2.8Ti0.2O8+δ thin films: (a) x = 0.00 – The surface exhibits irregular nanogranular morphology with noticeable peaks and valleys, indicating moderate roughness and non-uniform grain distribution.
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FIGURE 6. AFM 3D surface topography and height distribution histograms for Hg1-xInₓBa2Ca2Cu2.8Ti0.2O8+δ thin films:(a) x = 0.08 – The surface exhibits finer nanostructures with improved uniformity and reduced surface roughness, indicating more homogeneous grain growth. (b) x = 0.12 – The film shows the smoothest and most compact morphology in the series, reflecting optimal surface uniformity and stable nanocrystalline growth.
CONCLUSIONS
   Thin films of Hg₁-InBa₂Ca₂Cu2.8Tio.20, were successfully fabricated using the pulsed laser deposition (PLD) technique, exhibiting uniform composition and good surface coverage. The results revealed that indium substitution had a pronounced effect on the crystallinity and surface morphology of the films. X-ray diffraction analysis showed that the optimum structural order was achieved at x = 0.12, where sharper diffraction peaks and a slight shift toward higher 20 values indicated c-axis contraction and enhanced lattice coherence. 
   Morphological examinations using FESEM and AFM confirmed these findings, showing dense, fine-grained, and smooth nanostructures at the same composition, while higher indium levels (x 0.16) led to grain clustering, surface roughness, and partial phase segregation. Overall, the study concludes that a moderate level of indium substitution (x = 0.12) yields the most stable and compact nanostructure, representing an effective approach for improving the microstructural quality of Hg-based cuprate superconducting thin films and potentially enhancing their functional performance.
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