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Because of their quantum confinement effects and adjustable features, semiconductor nanoparticles have attracted a lot of attention for their various uses in optoelectronic devices. This study investigates how size and shape variations affect the optoelectronic properties of semiconductor nanoparticles InX (X = As, Sb, and P). Using unified thermodynamics modeling, it explores the effects of these nanoparticles’ diameters on their electronic band structures, optical properties, and charge carrier dynamics. The inquiry focuses on InX nanoparticles with different sizes and nanostructure morphologies. By examining electronic band structures, the density of states, and optical absorption spectra, the size-dependent quantum confinement processes that govern the optical band gap transitions and excitonic behaviors in these semiconductor nanoparticles were made clear. Also, the influence of the shape of the nanoparticles on carrier mobility and electronic band alignment is investigated, offering insights into the possibility of controlling the morphology to customize optoelectronic capabilities. This theoretical analysis indicates that altering the optoelectronic properties of InX semiconductor nanoparticles is mostly dependent on their size and shape. Smaller nanoparticles show stronger quantum size effects, which lead to improved exciton confinement and blue shifts in the optical absorption spectra. Shape-dependent differences in the density of states and electronic band structures indicate the impact of morphology on the dynamics and recombination of charge carriers in the nanoparticles. In conclusion, this work provides important insights for the design and optimization of semiconductor nanomaterials for photovoltaic, sensing, and light-emitting applications by thoroughly examining the impact of size and shape on the optoelectronic properties of InX semiconductor nanoparticles.
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1 INTRODUCTION
In the field of semiconductor physics, there has been a notable and significant trend that involves the convergence of physics, materials sciences, and technology. Researchers are actively involved in creating complicated structures and composites that possess distinct and exceptional physical properties [1]. Complex structures in the field of semiconductor physics cover a range of fascinating examples, among which nanometer-sized semiconductor crystallites stand out as an important subset [2]. Established that they have interfaces or grain boundaries, nanomaterials are combinations of nanocrystals. Due to their high surface-to-volume ratio and quantum effect, these materials have unique properties. When systems are at the nanoscale, where there are more atoms on the surface, quantum confinement effects are predominant in their electrical and optical properties [3]. Semiconductor nanostructures display size-dependent electrical and optical properties due to quantum confinement effects. At the nanoscale, materials exhibit higher surface-to-volume ratios and quantum effects compared to bulk materials, increasing surface impacts that are typically insignificant in bulk materials. These nanosolids contain free carriers due to their reduced volume, allowing the observation of quantum phenomena that are unattainable in larger bulk materials. Because of quantum confinement, the band gap of semiconductor nanomaterials can be adjusted according to the size of the nanomaterial [4–6]. This holds substantial significance for prospective uses such as solar cells [7], light-emitting diodes [8], optoelectronic devices [9], and biological labeling [10]. Scientists are not only driven by fundamental notice in studying nanosolids but also by the potential technological innovations these materials offer. The shape and size of nanoparticles play a crucial role in influencing the thermophysical and electro-optical properties of nanomaterials [11–15].
Many studies have explored the correlation between the size of nanosolids and their properties [16–25]. However, a lack of consistent understanding persists regarding how the properties of nanostructured solids are influenced by their size and shape. Guisbiers et al. [16] presented the effect of shape and size on the energy band gap and melting temperature of TiO2 nanostructure using the thermodynamic method. A size-dependent cohesive energy model has been used to estimate the size-dependent valence and conduction band gap of semiconductor nanosolids [17]. A method of tuning the band gap within the quantum confinement regime may be possible thanks to the individual diamond nanocrystals’ form, as demonstrated by the electronic structure simulation [26]. According to Liang et al.’s size-dependent phonon frequency report for TiO2, Si, and InP, the frequency shifts with decreasing crystal size based on size-dependent force constant, bond length, and bond energy [27].
The size-dependent dielectric constant in theory and experiment has attracted much attention [28–30]. The importance of dielectric properties for materials destined for nanotechnology is growing. As they characterize the ion and electron mobility response to the dipole displacement in an externally applied field, dielectric constants are closely associated with materials’ conductivity and optical properties. Because the dielectric constant affects the Coulomb interaction between electrons, which in turn affects the activation (electron-hole pair) energies, changes to it would have a significant impact on the optical absorption and transport characteristics of semiconductor devices [31]. Capacitors, electronic memories, and optical filters have all been made using improved dielectric characteristics. According to M. Singh et al.'s bond theory model, the size and shape-dependent properties of semiconductor nano solids TiO2, CdS, CdSe, Si, and GaN have theoretically been described. These properties include band gap, dielectric constant, and phonon frequency [18]. This study focuses on exploring the optoelectronic properties of InX (X = As, Sb, P) zinc blend semiconductor nanoparticles. These materials are essential for semiconductor nanotechnology because of their unique properties, and potential applications, which include high electron mobility, narrow band gaps, spintronics potential, and application versatility. Their ongoing research opportunities position them as essential components in the realm of semiconductor nanotechnology [32, 33].
In this study, we modified the Qi and Wang Model to evaluate the size and shape-dependent optoelectronic properties of InX (X = As, Sb, P) Semiconductor Nanosolids, including the dielectric constant, phonon frequency, electrical susceptibility, and band gap, taking into account the packing factor, surface effect, and bond theory. The basic is used for the spherical, tetrahedral, hexagonal, and octahedral semiconductor nano solids InX (X = As, Sb, and P). The simulated data compared with the experimental result, previously reported data, and other theoretical modeling are presented in a graph. The graphs show that phonon frequency, electrical susceptibility, and dielectric constant decrease, reducing the size and changing the shape of nanostructures but these can lead to increasing the band gap at the nanoscale scale. Our model can be used as a forecasting tool to find the dielectric constant, phonon frequency, electrical susceptibility, and the energy band gap of semiconducting nanoparticles in the lack of experimental data.
2 THEORETICAL MODELS
Quantum confinement effects become significant in nanoparticles when their dimensions shrink below a critical threshold. This is due to the extremely small size of the nanoparticle. The critical size is determined by the Exciton Bohr diameter, a property that is specific to each material. This diameter can vary significantly, ranging from 1 nm to over 100 nm. When the size of a semiconductor nanocrystal approaches the exciton Bohr radius, the confinement of charge carriers leads to an increase in their energy levels. This results in a widening of the band gap energy, particularly impacting optoelectronic properties.
The Qi and Wang model has proven effective in analyzing a wide range of materials, encompassing semiconductors, ceramics, and nanomaterials. However, it is important to remember that the model relies on the assumption of a uniform, isotropic solid without any structural defects [18, 22, 23, 34]. The cohesive energy of nanosolids is determined by adding the contributions of the atoms in the inner and outer shells, as per the bond energy model. As Qi and Wang Model [35], the cohesive energy of nanomaterials [image: image] can be expressed as follows:
[image: image]
here, [image: image] represents the cohesive energy of bulk material, [image: image] denotes the total number of atoms in nanomaterial, and [image: image] denotes the number of surface atoms.
The melting temperature of bulk material [image: image] shows a linear variation with cohesive energy under the relation [36];
[image: image]
here, [image: image] represents the Boltzmann constant. The relation in Equation 2 is also done for the nanomaterials as;
[image: image]
here, [image: image] represents the melting temperature of nanomaterial. By rearranging the Equations 1–3 we get the relation in Equation 4;
[image: image]
When accounting for variations in particle shape, the shape factor [image: image] is determined by comparing the surface area of nanosolids with a spherical shape of diameter ([image: image] to the surface area of nanosolids with any shape [37]. Assuming that the atoms comprising the nano solids are perfect spheres with a diameter [image: image], each surface atom contributes an area of [image: image] to the total particle surface area. Therefore, the shape factor can be mathematically represented as;
[image: image]
here, [image: image] represents the surface area [image: image] of the spherical nanoparticle with diameter [image: image], [image: image] denotes the surface area of the nanosolids in any shape whose volume is the same as the spherical nanosolids. From Equation 5, the surface area of the nanoparticle in any shape in Equation 6 becomes;
[image: image]
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The total number of surface atoms, [image: image] is defined as the ratio of particle surface area to [image: image]. Thus,
[image: image]
The number of total atoms of nano solid is the ratio of the particle volume to the atomic volume, which may be written as
[image: image]
Because the volume of the nano solid is the same as the volume of the atom, the atom is an ideal sphere.
To precisely calculate the number of total atoms within a nanoparticle, the packing factor ([image: image]) must be taken into consideration, which accounts for the existence of spaces between crystal constituents [23]. Thus Equation 8 becomes;
[image: image]
The packing factor (μ), which is defined as follows, establishes the maximum percentage of the available volume that may be filled with hard spheres [38]:
[image: image]
Combining Equations 7, 9, the ratio of the total number of surface atoms to the number of total atoms within a nanoparticle becomes;
[image: image]
Now, substituting Equation 11 into Equation 1, then Equation 1 gives the size and shape-dependent cohesive energy of nano solids containing the packing factor [image: image];
[image: image]
Equation 12 also gives the size and shape-dependent melting temperature of nano solids containing the packing factor [image: image];
[image: image]
As the size of the nanocrystals gets smaller, the Raman frequency in semiconductors decreases [39]. The relationship between the vibrational frequency of electrons in solid atoms and the square root of cohesive energy can be used to ascertain the impact of size on the vibrational frequency of electrons in semiconductor nanomaterials [40]. Thus, the vibrational frequency of electrons in bulk material [image: image] and nanomaterial [image: image] are related in the following way: [20, 38];
[image: image]
Substituting Equation 12 into Equation 14, the relation becomes;
[image: image]
The expression for electrical conductivity [image: image] is given in Equation 16 [20, 41];
[image: image]
here, [image: image] represents the activation energy for electron migration in atoms of dimension D, T is temperature, and R and [image: image] are constants. Thermodynamics offers valuable insights into optical characteristics. The following Equation 17 is the size and temperature dependence of the Arrhenius expression [42, 43], which connects electrical conductivity and activation energy.
[image: image]
here, [image: image] represents size-independent, therefore [image: image] then the relationship between the activation energy and melting temperature of bulk material and nanomaterial given as Equation 18 [18];
[image: image]
The size-dependent activation energy is the difference between the energy of the conduction band (EC) and the energy at the fermi level (EF). Thus, [image: image]. For the majority of semiconductors, the Fermi level is positioned at the midpoint of the band gap [42, 52], leading to the activation energy being equal to half of the energy band gap [image: image]. This relationship indicates that the activation energy is directly related to the energy band gap, resulting in the following expression;
[image: image]
[image: image]
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To obtain the size and shape-dependent band gap of nanomaterial, substituting Equation 13 into Equation 19 and rewritten as;
[image: image]
[image: image]
Electrical susceptibility [image: image] and a semiconductor’s dielectric constant [image: image] are directly correlated as in Equation 21:
[image: image]
A dimensionless number known as electrical susceptibility relates to a material’s band gap by indicating the degree of polarization of the dielectric substance. The approximate relationship between the band gap [image: image] and electrical susceptibility [image: image] was reported by Sun et al. [44] as follows:
[image: image]
here, [image: image] and [image: image] represent the electrical susceptibility and band gap for the bulk semiconducting materials, respectively. For nanomaterials, Equation 22 can be written as:
[image: image]
here, [image: image] and [image: image] represent band gap and electrical susceptibility for semiconducting nanomaterials, respectively, with diametric size [image: image]). Dielectric constant can also be connected to the band gap of material since it results from electronic polarization or electron migration from the lower valence band to the upper conduction band:
[image: image]
Here, [image: image] and [image: image] are the dielectric constants for semiconducting nanomaterials and bulk semiconducting materials, respectively.
Now, substituting Equation 20 into Equation 24, the size and shape-dependent dielectric constant can be rewritten as;
[image: image]
[image: image]
According to Equations 20, 23 the electrical susceptibility for semiconducting nanomaterials can be calculated as;
[image: image]
The expression in Equation 26 presents the electrical susceptibility of semiconducting nanomaterials depending on their size and shape.
Equations 15, 20, 25, 26 describe models that rely on the sizes and shapes of nanoscale solids. These equations establish connections for the frequency of phonons, the band gap, the dielectric constant, and the electrical susceptibility of nanoscale solids, respectively, considering the crystal’s packing efficiency.
3 RESULTS AND DISCUSSION
Research on the impact of size and shape on the optoelectronic properties of semiconductor nanoparticles reveals intriguing insights into the quantum confinement effects and morphology-induced variations in the electronic and optical behaviors of these nanostructures. To validate the accuracy of our model regarding variations in phonon frequency, variations in band gap, changes in dielectric constant, and fluctuations in electrical susceptibility, we have selected direct band gap semiconductor materials from group III-V, specifically InX (where X represents As, Sb, or P). The phonon frequency, bandgap, dielectric constant, and electrical susceptibility of InX (X = As, Sb, P) semiconductor nanoparticles are analyzed as a function of their size and shape using specific equations. Equations 15, 20, 25, 26 are employed to study the variations in these properties for nanoparticles with spherical, tetrahedral, hexagonal, and octahedral shapes, respectively. The input parameters are presented in Tables 1, 2. Figures 1–12 illustrate the variations in phonon frequency, bandgap, dielectric constant, and electrical susceptibility as a function of size for InX (where X is As, Sb, or P) semiconductor nanoparticles, along with available experimental and simulation data. Also, for covalent bonding and the zinc blend structure, it also provides a pre-calculated packing factor (μ) using the formula in Equation 10. Atoms within nanosolids can occupy various positions. In one scenario, an atom may be situated such that one-fourth of its volume is within the nanosolid, while three-fourths extends into a vacuum. Consequently, the relaxation factor is set at 0.75, indicating a surface atom that relaxes towards the vacuum [45]. The relaxation factor is set to 0.75, indicating that surface atoms relax towards the vacuum [46].
TABLE 1 | Input parameters for the calculations [49–51].
[image: Table 1]TABLE 2 | Shape factors of nanosolid [52, 53].
[image: Table 2][image: Figure 1]FIGURE 1 | The variation of the phonon frequency with the size of the InSb nanoparticle.
[image: Figure 2]FIGURE 2 | The variation of the phonon frequency with the size of the InP nanoparticle. The experimental data are taken from [47, 48].
[image: Figure 3]FIGURE 3 | The variation of the phonon frequency with the size of the InAs nanoparticle. The previous work was reported in Ref. [47].
[image: Figure 4]FIGURE 4 | The band gap variation with the size of the InSb nanoparticle. The Zhang model was reported in Ref. [54].
[image: Figure 5]FIGURE 5 | The variation of the band gap with the size of the InP nanoparticle. The experimental data are taken from [55].
[image: Figure 6]FIGURE 6 | The variation of the band gap with the size of the InAs nanoparticle. The experimental data are taken from [56].
[image: Figure 7]FIGURE 7 | The variation of the electrical susceptibility with the size of the InSb nanoparticle.
[image: Figure 8]FIGURE 8 | The variation of the electrical susceptibility with the size of the InP nanoparticle. The previous work was reported in Ref. [3].
[image: Figure 9]FIGURE 9 | The variation of the electrical susceptibility with the size of the InAs nanoparticle. The previous work was reported in Ref. [3].
[image: Figure 10]FIGURE 10 | The variation of the dielectric constant with the size of the InSb nanoparticle.
[image: Figure 11]FIGURE 11 | The variation of the dielectric constant with the size of the InP nanoparticle. The experimental data are taken from [57].
[image: Figure 12]FIGURE 12 | The variation of the dielectric constant with the size of the InAs nanoparticle. The experimental data are taken from [57].
3.1 Rama shift phonon frequency
The size and shape of InX (X = As, Sb, P) nanoparticles significantly affect their phonon frequencies, influencing their thermal properties, vibrational modes, and interactions with light. As nanoparticle size decreases, the surface-to-volume ratio increases, leading to a greater contribution from surface phonons. These surface modes have lower frequencies compared to bulk phonons (Figures 1–3), affecting the overall phonon spectrum. Quantum confinement effects in smaller nanoparticles can alter the vibrational modes and phonon frequencies due to the restricted movement of atoms within the confined space. This can lead to shifts in phonon frequencies and changes in the overall phonon spectrum. The density of states for phonons can change with size, influencing the specific phonon frequencies and the intensity of vibrational modes. When the size of semiconductor nanocrystals falls below 5 nm, which is comparable to the exciton radius, the confinement effect becomes significantly stronger, leading to a rapid decline in phonon frequency, as illustrated in Figures 1, 2.
Different shapes (Figures 1–3) of nanoparticles exhibit anisotropic phonon properties, meaning their vibrational modes and frequencies vary depending on the direction of propagation. This anisotropy arises from the unique geometry and symmetry of different shapes. The specific morphology of the surface (e.g., corners, edges, facets) can affect the vibrational modes and phonon frequencies by influencing the local atomic arrangement and interactions. The phonon frequencies of InX nanoparticles are also influenced by the specific material (InAs, InSb, or InP), as each material has distinct atomic masses and bonding strengths. Figures 1–3 illustrate the relative changes in phonon frequency for InAs, InSb, and InP nanosolids across various sizes and shapes. It is clear that for the same particle size, the order of phonon frequency size effects, from strongest to weakest, is as follows: spherical, octahedral, hexahedral, and tetrahedral. This indicates that the confinement effects are more significant in spherical shapes compared to tetrahedral, hexahedral, and octahedral shapes. Figure 2 illustrates the impact of shape and size on the variation of phonon frequency for InP nanosolids, comparing spherical, octahedral, hexagonal, and tetrahedral shapes, along with available experimental data [47, 48]. It has been observed that the phonon frequency, denoted as [image: image], decreases with both size and shape. Furthermore, the reduction in phonon frequency is more significant in tetrahedral shapes compared to spherical shapes of the same size. Our model’s predictions for spherical shapes align well with the existing experimental data.
Surface passivation can alter the phonon frequencies by modifying the surface chemistry and reducing surface defects. Strain introduced by the size or shape of the nanoparticle can lead to shifts in phonon frequencies and changes in the phonon spectrum. The phonon frequencies of InX nanoparticles can influence their thermal conductivity and heat dissipation properties, impacting their use in thermal management applications. Changes in phonon frequencies due to size and shape can be observed using Raman spectroscopy, providing a powerful tool for characterizing and understanding the properties of nanoparticles. Phonon properties can affect the efficiency and performance of optoelectronic devices like LEDs and solar cells by influencing electron-phonon interactions and heat dissipation.
3.2 Band gap
The band gap energy of InX (X = As, Sb, P) semiconductor nanoparticles is a fascinating area of research with significant implications for optoelectronic applications. Our computations, along with existing experimental and theoretical models for the energy gap [image: image] in InAs, InSb, and InP semiconductor nanosolids, are illustrated for various shapes including spherical, octahedral, hexahedral, and tetrahedral in Figures 4–6. The model’s predictions align well with the existing experimental and theoretical models. The search results indicate that as the size of semiconductor nanoparticles decreases, their band gap energy increases. The graphical illustrations demonstrate that the size effect becomes noticeable as the particle size decreases to 10 nm, and becomes even more marked below 5 nm. InX (X = As, Sb, P) semiconductor nanoparticles tend to adopt a spherical shape. At a given particle size D, the variation of the band gap energy follows the order: [image: image] which is consistent with the existing experimetal and theoretical models.
As the size of the InX nanoparticles decreases, the electrons are confined within a smaller space, leading to a phenomenon called quantum confinement. This confinement quantizes the energy levels of the electrons, resulting in a wider band gap (Figures 4–6). The widening of the band gap due to quantum confinement leads to a blue shift in the optical absorption spectrum. This means that smaller nanoparticles absorb higher-energy (shorter wavelength) light, while larger nanoparticles absorb lower-energy (longer wavelength) light. Overall, the energy band gap for semiconductor nanoparticles increases with decreasing size. This significant increase in the band gap allows for tuning the optical properties of semiconductor nanoparticles for applications like infrared detectors or solar cells.
Different shapes of nanoparticles (Figures 4–6), such as spherical shapes exhibit different degrees of quantum confinement along specific directions. This leads to anisotropic band gaps, where the band gap energy varies depending on the direction of light absorption or emission. By controlling the shape of InX nanoparticles, researchers can precisely tune the band gap energy, tailoring the material’s optical properties for specific applications. Size and shape are not independent parameters. The shape of a nanoparticle can influence its effective size and, in turn, the degree of quantum confinement.
The specific size and shape effects vary depending on the InX material (InAs, InSb, or InP). Understanding the size and shape effects on the band gap of InX nanoparticles allows researchers to design and synthesize these materials with specific optical properties for a wide range of applications. By tailoring the band gap of InX nanoparticles, researchers can optimize solar cell efficiency by maximizing light absorption. The size-dependent band gap allows for tuning the wavelength sensitivity of photodetectors, making them suitable for specific applications like infrared detection. The anisotropic band gap in shaped nanoparticles can be utilized to develop LEDs with polarized light emission. This exploration of the size and shape effects on the band gap energy of InX nanoparticles highlights the tremendous potential of these materials for advancing optoelectronic technologies. Slight variations in the experimental data underscore the necessity for a deeper understanding to fully interpret them. Nonetheless, it has been observed that a consistent trend of band gap expansion occurs for the selected compounds as the particle size decreases. Our model, which simultaneously considers voids in the crystal structure, dangling surface atoms, and the shape of the material, is supported by this observation. Consequently, the packing factor, size, and shape of a semiconductor nanomaterial influence the expansion of its band gap.
3.3 Electrical susceptibility
For InX (X = As, Sb, P) III-V semiconductor nanoparticles, the size dependence of electrical susceptibility has been calculated using Equation 26 for spherical, octahedral, hexahedral, and tetrahedral shapes. Figures 7–9 graphically depict the computed results for the size and shape dependency of the electrical susceptibility of the InSb, InP, and InAs semiconductor nanomaterials respectively, along with the data from other existing theories. The graphs indicate that electrical susceptibility reduces as the particle size decreases. At a given particle size D, the variation of the electrical susceptibility follows the order: [image: image] [image: image] which is consistent with the existing theoretical models. This difference reduces on moving toward the higher size range and the effect of the shape is insignificant at a small scale below 1 nm. Figure 8 illustrates the shape and size dependence electrical susceptibility between the given model and previous work results for InP. It is reported that when size is less than 15 nm, there is a significant decrease in electrical susceptibility and our results are very close to the previously reported data [3] for spherical shape. Figure 9 illustrates the shape and size dependence electrical susceptibility between the given model and previous work results for InAs. It is reported that when the size is less than 15 nm, there is a significant decrease in electrical susceptibility, and our results are very close to the previously reported data [3] for tetrahedral shape.
The electrical susceptibility of InX (X = As, Sb, P) nanoparticles is significantly influenced by their size and shape, impacting their response to external stimuli like magnetic fields and electric fields. As nanoparticles shrink in size, their surface-to-volume ratio increases dramatically (Figures 7–9). This means a larger proportion of atoms reside on the surface, leading to; increased surface reactivity: Nanoparticles exhibit higher reactivity due to their increased surface area, making them more electrically susceptible to interactions with the environment, surface passivation: Surface passivation strategies are crucial for stabilizing nanoparticles and minimizing their reactivity, which can significantly influence their electrical susceptibility, quantum Confinement: Quantum confinement effects in smaller nanoparticles (Figures 7–9) can alter their electronic structure and energy levels, affecting their response to external fields.
Different shapes of nanoparticles exhibit anisotropic properties, meaning their behavior varies depending on the direction of the applied field. For instance; Electric Susceptibility-Shape anisotropy can also lead to different responses to electric fields, affecting their dielectric properties and polarizability, Surface Morphology- The specific morphology of the surface (e.g., corners, edges, facets) can further influence the susceptibility of nanoparticles by affecting their surface charge distribution and interaction with external fields. The susceptibility of InX nanoparticles is influenced by the specific material (InAs, InSb, or InP), as each material has distinct electronic and magnetic properties. Understanding the size and shape effects on susceptibility is critical for designing nanoparticles with tailored properties for magnetic resonance imaging (MRI) applications, drug delivery, sensors, and more. InX nanoparticles can be engineered to enhance contrast in MRI imaging, improving diagnostic capabilities. Their susceptibility can be tuned by controlling their size and shape to optimize their interaction with the magnetic field. By manipulating the magnetic susceptibility of nanoparticles, they can be directed to specific locations within the body for targeted drug delivery or therapy. Changes in the susceptibility of InX nanoparticles due to external stimuli can be used to detect changes in the environment, creating sensitive sensors for various applications.
3.4 Dielectric constant
The calculations of the dielectric constants are stated in Figures 10–12 by Equation 25 for the InSb, InP, and InAs semiconductor nanostructured materials at the nanoscale. The variations in the dielectric constant for InSb nanomaterial in different shapes; spherical, octahedral, hexahedral, and tetrahedral are illustrated in Figure 10, along with their size dependencies. The figure illustrates that the relative change in the dielectric constant initially starting from its bulk dielectric constant decreases gradually and then drops sharply as the particle size reduces. To verify our model for InSb the experimental data is not available in the works of literature. The variations of the dielectric constant of InP nanosolid have been calculated by Equation 25 and results are projected along with the available experimental data as shown in Figure 11 for tetrahedral [57]. It is observed that [image: image] decreases by decreasing the particle size. It is noted that for spherical shapes, the dielectric constant reaches its minimum, while for tetrahedral shapes, it attains its maximum at a specific size. The theory model of cohesive energy, which varies depending on the size and shape of nanomaterials, can be used to explain this behavior.
The dielectric constant of InX (X = As, Sb, P) nanoparticles is significantly affected by their size and shape, influencing their response to electric fields and their potential for various applications like capacitors, sensors, and optoelectronic devices. As nanoparticles shrink, quantum confinement effects become prominent, altering the electronic energy levels and, consequently, the dielectric constant. Smaller nanoparticles generally exhibit higher dielectric constants (Figures 10–12) due to increased electronic polarizability resulting from quantum confinement. This enhanced polarizability arises from the greater confinement of electrons, allowing them to respond more readily to applied electric fields. The dielectric constant typically increases as the particle size decreases, reaching a maximum value at a certain critical size. Beyond this point, the dielectric constant might decrease again due to surface effects or other factors.
Different shapes of nanoparticles exhibit anisotropic dielectric properties, meaning their response to electric fields varies depending on the direction of the applied field. This anisotropy can be exploited to create materials with specific dielectric properties for applications like capacitors or sensors. The surface morphology of nanoparticles (e.g., corners, edges, facets) can significantly influence their dielectric constant due to changes in surface charge distribution and interactions with the electric field. The dielectric constant of InX nanoparticles is also influenced by the specific material (InAs, InSb, or InP), as each material has distinct electronic properties. Surface passivation strategies can significantly impact the dielectric constant of nanoparticles by reducing surface defects and modifying their interactions with the environment. External factors like temperature, pressure, and the presence of other materials can influence the dielectric constant of nanoparticles. By tuning the size and shape of InX nanoparticles, researchers can create materials with significantly higher dielectric constants than bulk materials, suitable for high-performance capacitors. Changes in the dielectric constant of InX nanoparticles due to external stimuli (temperature, pressure, or chemical exposure) can be used to develop sensitive sensors for various applications. The dielectric constant plays a crucial role in the performance of optoelectronic devices like LEDs and solar cells. By controlling the dielectric properties of InX nanoparticles, researchers can optimize the efficiency and functionality of these devices.
4 CONCLUSION
This research introduces a unified model that can accurately predict the phonon frequency, energy band gap, electrical susceptibility, and dielectric constant of InSb, InP, and InAs semiconductor nanoparticles. The model takes into account the varying shapes, sizes, packing efficiency, and relaxation factor of these nanoparticles, providing a deeper understanding of their electronic and optical properties. Our findings demonstrate a correlation between the size and shape of semiconductor nanoparticles and their optoelectronic properties. As the nanoparticles shrink, their band gap widens, while the phonon frequency, electrical susceptibility, and dielectric constant decrease. Additionally, deviations from a spherical shape result in a greater expansion band gap at the nanoscale, but minimum reduction of the phonon frequency, electrical susceptibility, and dielectric constant. Thus, taking into account different shapes and size ranges that have not been previously studied, this comprehensive model may be utilized to analyze the differences in the phonon frequency, band gap, electrical susceptibility, and dielectric constant of distinct semiconductor nanoparticles.
The conclusions drawn from this study shed light on the significance of size and shape engineering in tailoring the electronic and optical characteristics of these semiconductor nanoparticles. The size and shape of InX nanoparticles play a crucial role in determining their susceptibility. This knowledge is essential for designing and tailoring nanoparticles for specific applications that leverage their unique properties for advancing fields like medical imaging, drug delivery, and sensing. The size and shape of InX nanoparticles exert significant influence on their dielectric constant, offering a powerful tool for tailoring these materials for a wide range of applications. This understanding paves the way for developing novel materials with enhanced dielectric properties. The size and shape of InX nanoparticles significantly impact their phonon frequencies, leading to changes in their thermal properties, vibrational modes, and interactions with light. This understanding is crucial for tailoring these materials for various applications in thermal management, sensing, and optoelectronics, as well as energy storage, sensing, and optoelectronic applications.
Future research directions may involve exploring the combined effects of size, shape, and composition on the electrical susceptibility and dielectric constant of In (X = As, Sb, P) nanoparticles. Additionally, the investigation of novel synthesis techniques to achieve precise control over the size and shape of these nanoparticles will be essential for advancing their applications in cutting-edge technologies. In summary, the variation of electrical susceptibility and dielectric constant with size and shape in In (X = As, Sb, P) nanoparticles highlights the importance of these parameters in understanding and tailoring the electrical properties of nanomaterials. By harnessing the size- and shape-dependent effects, researchers can unlock new possibilities for designing and utilizing In (X = As, Sb, P) nanoparticles in advanced electronic and optoelectronic applications.
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