


Gapless Cd3As2 and Tunable-Gap Pb₁₋ₓSnₓTe Semiconductor Crystals: Growth, Characterization, Analysis, Applications, Prospects and Challenges

========================================================                  
Abstract 										            The study reviews gapless cadmium arsenide (Cd3As2) and tunable-gap lead-tin telluride (Pb₁₋ₓSnₓTe) semiconductor crystals with respect to growth, characterization, analysis applications, prospects and challenges; and was undertaken because accumulated research findings on these materials which applications have revolutionized the world and, which require compositional and structural precision to exhibit their exotic electronic behaviours is lacking. This is very necessary in order to realize next-generation quantum materials with exotic transport dynamics that depends critically on the production of gapless and tunable-gap semiconductors with extrinsic impurities that significantly alter their electronic and topological properties. The possibility of manipulating band structure through symmetry breaking, confinement, or many-body interactions continues to make it a focal point of research in semiconductor physics, nanoelectronics, and quantum device engineering. Majority of the growth techniques and syntheses of these semiconductors have efficient development methods since they permit bulk crystal development with strong compositional homogeneity for these high-quality semiconductor crystals due to their ability to minimize defect densities and maintain stoichiometric precision. It is also noted that characterization of these crystals are crucial for understanding their crystallographic quality, phase purity, and lattice parameters, which directly influence their electronic properties. These materials display interesting features for applications in quantum computers and as topological insulators (TIs) due of their unique electrical characteristics, and the non-trivial band structures and symmetry-protected surface states. Strain engineering and quantum confinement are some physical methods to open a bandgap as uniaxial or biaxial strain modifies the hopping parameters in the tight-binding Hamiltonian, potentially breaking the degeneracy at the Dirac points. While challenges in scalability, material stability, and environmental sensitivity of Cd₃As₂ limit its general relevance, bandgap adjustability and ability to undergo topological phase transitions poses its own set of issues especially at high x values in Pb₁₋ₓSnₓTe.  Introducing strain, dislocations, or cracking during growth and post-processing could result in lattice mismatch and thermal expansion variations between Pb₁₋ₓSnₓTe and substrate materials, and can influence carrier mobility and hide or suppress the topological surface states, therefore influencing their fit for either electrical or spintronic uses.  From a commercial perspective, both Cd₃As₂ and Pb₁₋ₓSnₓTe have difficulties integrating in scalable and reasonably priced manufacturing techniques, and transition from experimental platforms to functional components in quantum computing, spintronics, or topological devices requires overcoming these technical and material-specific challenges. 								    
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1. 1. Introduction
1.1. 1.1	Investigations of Gapless and Tunable Semiconductors                           
The most well-known examples of devices based on semiconductor materials are, perhaps, transistors and diodes, and have become the building blocks of modern electrical and optoelectronic devices, which range from solar cells to quantum computing components (Bhattacharya, 1997; Colinge & Colinge, 2005). Conventional semiconductors such as silicon (Si), gallium arsenide (GaAs), and indium phosphide (InP) have fixed electronic bandgaps (Eg), which limit their tunability for electronic and photonic applications (Adachi, 1992; Peter & Cardona, 2010). Although these materials have revolutionized high-speed communication systems, integrated circuits, and photovoltaic devices, their fixed bandgap limits their potential for new applications requiring tunability of electrical properties. This restriction has led to investigations of gapless and tunable-gap semiconductors, which offer greater versatility and novel functionalities (Jariwala et al., 2014).  Colinge & Colinge (2005) & Bhattacharya (1997) asserts that from transistors and diodes to photovoltaic cells and quantum computing components, semiconductor materials have been the foundation and building blocks of contemporary electrical and optoelectronic devices. Due to their constant electronic bandgaps, traditional semiconductors like silicon (Si), gallium arsenide (GaAs), and indium phosphide (InP) are not as tunable in electronic and photonic applications (Adachi, 1992; Peter & Cardona, 2010). But the development of tunable-gap and gapless semiconductors has created new opportunities for next-generation electronic materials with hitherto unheard-of qualities.                
Due to their vanishingly small electronic bandgap at the Fermi level (0 ≤ Eg ≤ 0.1 eV) gapless semiconductors such as graphene and some topological materials, have high carrier mobility and distinctive quantum mechanical effects (Novoselov et al., 2005; Castro-Neto et al., 2009; Hasan & Kane, 2010). However, application of graphene in digital logic applications, the forerunner of computer operatio, where an energy gap is necessary for efficient switching, is limited by its absence of an inherent bandgap. To overcome this, research has focused on using strain, chemical doping, and heterostructures with two-dimensional (2D) materials like hexagonal boron nitride (h-BN) to create bandgaps in graphene (Hunt et al., 2013; Avsar et al., 2014).   Figure 1 illustrates a three-dimensional (3D) band structure of graphene showing Dirac cones at the K and K′ points with zero bandgap at the Fermi level. The conduction (blue) and valence (red) bands meet linearly at the Dirac points, forming a gapless structure characteristic of massless Dirac fermions (Orlita, 2010).
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Figure 1: Schematic view of the graphene band structure with the characteristic Dirac cones in the vicinity of K and K′ points (Orlita, 2010).
Graphene, specifically, has shown great electronic properties, which include ballistic transport, superior mechanical strength and high thermal conductivity. These are the reasons why graphene is an innovative material for nanoelectronics and flexible devices (Geim & Novoselov, 2005; Casro-Neto et al., 2009; Sarma et al., 2011; Akinwande et al., 2014; Arikpo & Onuu, 2019). Topological insulators such as Bi₂Se₃ and Bi₂Te₃ exhibit gapless surface states protected by time-reversal symmetry, with potential applications in spintronics and quantum computing (Moore, 2010; Qi & Zhang, 2011; Ando, 2013; Hasan & Moore, 2011; Zhang et al., 2019; König et al., 2007).                                    			                                        A direct-to-indirect bandgap transition based on layer thickness is provided by tunable-gap semiconductors, such as transition metal dichalcogenides (TMDs) like Molybdenum (MoS₂) and Tungsten Diselenide (WSe₂). This makes them extremely adaptable for optoelectronic applications like photodetectors, light-emitting devices, and valleytronics (Wang et al., 2012; Mak et al., 2010). In III-V semiconductors like InGaAs and AlGaAs, quantum wells and heterostructures offer more versatility in optimizing electrical and optical characteristics, which is advantageous for laser diodes and high-speed electronics (Bhattacharya, 1997; Bastard, 1990). Table 1 summarizes the comparison of key bandgap properties across representative emerging semiconductors, highlighting their bandgap types, tunability mechanisms, and relevant applications (Sze & Ng 2006; Castro-Neto et al., 2009; Mak et al., 2010; Dziawa et al., 2012; Liu et al., 2014).
The use of perovskite materials in high-efficiency solar cells and light-emitting diodes (LEDs) has drawn a lot of attention due to their compositional engineering-based tunable bandgaps (Snaith, 2013; Akkerman et al., 2018). According to Hasan & Kane (2010) and Qi & Zhang, (2011), topological insulators, which exhibit conductive surface states while maintaining an insulating bulk, have emerged as prospective candidates for spintronic applications and quantum computing due to their robustness against backscattering and external perturbations.                       
Table 1: Comparison of key bandgap properties in emerging semiconductors.
Compiled from: Sze & Ng (2006); Castro-Neto et al. (2009); Mak et al. (2010); Dziawa et al. (2012); Liu et al. (2014).
	Material
	Bandgap type
	Tunability
	Applications

	Graphene
	Gapless
	Yes 
(via doping/strain)
	Nanoelectronics, flexible electronics

	MoS₂ (monolayer)
	Direct (~1.8 eV)
	Layer-dependent
	Photodetectors, LEDs, valleytronics

	Pb₁₋ₓSnₓTe
	Tunable (0–0.3 eV)
	Composition-dependent
	Thermoelectrics, topological devices

	Cd₃As₂
	Gapless (Dirac)
	No (intrinsic)
	3D Dirac semimetals, quantum transport

	InGaAs/AlGaAs
	Direct (tunable)
	Via composition
	High-speed electronics, lasers

		Silicon (Si)
	
	
	
	



	Indirect (1.12 eV)
	Fixed
	Microelectronics


1.2. 1.2 The need for Flexible Semiconductors						              The need for flexible semiconductors in next-generation electrical and quantum devices is highlighted by the move towards gapless and tunable-gap materials. It is expected that integration of these prospective materials with traditional semiconductor platforms may open the door to more effective, high-performing, and multipurpose technologies as research advances (Akinwande et al., 2019). Different types of semiconductor bandgaps are shown in Figure 2.
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Figure 2: Different types of band structures: (a) a typical semiconductor bandgap, (b) a Dirac cone in a gapless material, and (c) a flat band (Liu et al., 2023).



1.3. 1.3 Next Generation Semiconductor Based Devices
The development of next-generation electrical and optoelectronic devices depends on the study of semiconductor crystals with gapless and tunable gaps. Pb₁₋ₓSnₓTe) and Cd₃As₂ have drawn a lot of attention because of their unique electrical properties and possible uses in quantum computing, thermoelectric and topological devices (Dziawa et al., 2012 & Liu et al., 2014). A detailed understanding of the growth, synthesis, and characterization of these materials is critical for the breakthrough innovation of quantum and topological materials (Hasan & Kane, 2010). Cd₃As₂ offers a stable platform for investigating Dirac fermions in three-dimensional systems, while Pb₁₋ₓSnₓTe offers tunability, allowing precise control over the band gap (Neupane et al., 2014). Researching these materials enhances understanding of basic physics while opening the door to useful applications in thermoelectrics, quantum devices, and next-generation nanoelectronics (Zhang et al., 2019).
2. 2.  Growth Techniques and Synthesis of Gapless Cd₃As₂ and Tunable-Gap   Pb₁₋ₓSnₓTe Semiconductor Crystals and Comparisons
2.1 2.1. Growth Techniques	and Synthesis of Gapless Cd₃As₂ and Tunable-Gap Pb₁₋ₓSnₓTe Semiconductor Crystals                                                                                 
2.1.12.1.1.  Bridgman technique.		            				                Bridgman crystal growth or growing technique consists in melting the material in a crucible and then progressively cooling it to encourage directed solidification (Ali et al., 2014). This technique offers a robust method for growing bulk single crystals with directional solidification, benefiting materials like Cd₃As₂ and Pb₁₋ₓSnₓTe that require compositional and structural precision to exhibit their exotic electronic behaviours. For Cd₃As₂, Bridgman growth provides control over crystalline orientation and impurity incorporation, which is vital for studying nontrivial Berry phase effects and the quantum Hall regime in high-mobility samples (Zhao et al., 2015; He et al., 2014). The Bridgman technique allows one to generate large, superior single crystals with controlled orientation, which is essential for the manufacturing of devices. But problems including element segregation and thermal stress-induced cracking have to be fixed if we are to ensure consistent crystal formation (Neupane et al., 2014; Zhu et al., 2025).  Accurate control over thermal gradients and pulling rates ensures uniform arsenic distribution and suppresses vacancy formation, which can otherwise lead to unintentional doping or suppression of Dirac fermions (Borisenko et al., 2014; Narayan et al., 2015). Pb₁₋ₓSnₓTe also benefits from the Bridgman method, as the slow solidification enables precise Sn incorporation, critical for tuning the band inversion and maintaining mirror symmetry required for topological surface states (Hsieh et al., 2012; Taskin et al., 2017). The method’s compatibility with doping agents further enhances its utility in thermoelectric and spintronic applications. Fourier's heat conduction equation (He et al., 2014; Zhao et al 2015) helps one to explain the temperature gradient inside the ampoule (eqn. (1)):

										              (1)


where q, is the heat flux, K is the thermal conductivity of the ampoule material, and   is the temperature gradient.


2.1.22.1.2.  Molecular beam epitaxy							           Molecular beam epitaxy (MBE) is one of the most precise techniques for fabricating epitaxial semiconductor structures, offering exact control over thickness and composition for topological and quantum applications, so allowing the construction of tuned-gap structures (Taskin et al., 2011). It also allows atomic-scale control over deposition and doping. It has proven invaluable for growing high-quality Pb₁₋ₓSnₓTe films with tunable bandgaps, enabling direct exploration of topological phenomena. The precise modification of the Sn is essential since it regulates the change from trivial to topological insulator behaviour (Dziawa et al., 2012). The transition from a trivial insulator to a TCI phase is highly sensitive to the Sn concentration, and MBE allows for layer-by-layer control of this parameter (Okada et al., 2013; Polley et al., 2014). MBE-grown Pb₁₋ₓSnₓTe heterostructures exhibit mirror-symmetry-protected surface states and weak antilocalization signatures, offering insight into spin-momentum-locked transport mechanisms (Wei et al., 2018). Additionally, the high vacuum and low defect environment of MBE make it ideal for studying interface-driven effects, such as topological proximity or band bending at interfaces with trivial materials (Assaf et al., 2017). Through modulation doping or heteroepitaxy, MBE-grown structures are also being integrated into mid-infrared photodetectors and spintronic devices (Tian et al., 2015). Although MBE provides excellent control over material properties, it is a complex and costly technique requiring very high vacuum conditions and exact source calibration (Nunn et al., 2021).     In the case of Cd₃As₂, MBE has been instrumental in achieving epitaxial thin films with extremely low defect densities and well-preserved Dirac semimetal phases. This growth technique allows for tailoring film thicknesses to explore quantum confinement and thickness-induced bandgap opening, particularly in the transition from 3D Dirac to 2D topological insulator regimes (He et al., 2013; Ji et al., 2022). Experiments on MBE-grown Cd₃As₂ quantum wells have revealed quantized Hall conductance and high carrier mobility exceeding 10⁶ cm²/V·s, making them excellent candidates for high-frequency and quantum computing applications (Zhang et al., 2019). From a physics standpoint, MBE enables in-situ characterization (e.g., reflection high-energy electron diffraction, RHEED) and integration with superconductors or ferromagnets for studying proximity-induced topological superconductivity and possible Majorana bound states (Liu et al., 2010; Wang et al., 2012). However, maintaining stoichiometric control during MBE growth is critical, as deviations can destroy the Dirac nodes or introduce extrinsic doping effects.							                      
2.1.3.  Czochralski technique 								    The Czochralski technique is another efficient development method for Pb₁₋ₓSnₓTe since it permits bulk crystal development with strong compositional homogeneity.  This approach rotates a seed crystal from a melt to guarantee constant mixing of the component materials (Orlita et al., 2015).  Although it is useful for generating large-volume crystals appropriate for device applications, the Czochralski technique depends on excellent control over temperature gradients and melt stoichiometry to prevent segregation and dislocation production.  All things considered, the selected growth technique greatly affects the structural and electrical properties of Cd₃As₂ and Pb₁₋ₓSnₓTe—which in turn affect their likely use in next-generation electronic devices. Table 2 compares the growth techniques for Cd₃As₂ and Pb₁₋ₓSnₓTe.





Table 2: Comparison of Growth Techniques for Cd₃As₂ and Pb₁₋ₓSnₓTe.

	Technique
	Material
	Key Advantage
	Major Limitation
	Reference

	Bridgman
	Cd₃As₂
	Large single crystals, oriented growth
	Element segregation, cracking
	Ali et al. (2014); Neupane et al. (2014)

	MBE
	Pb₁₋ₓSnₓTe
	Atomic precision, tunable heterostructures
	High vacuum, costly
	Taskin et al. (2011); Dziawa et al. (2012); Nunn et al. (2021)

	Czochralski
	Pb₁₋ₓSnₓTe
	Bulk growth with compositional uniformity
	Requires gradient and stoichiometry control
	Orlita et al. (2015)



2.1.4 2.1.4. Vapour phase growth 							                   Vapour phase growth, including physical vapour transport (PVT) and sublimation-condensation techniques, has been instrumental in obtaining large single crystals of Cd₃As₂ and Pb₁₋ₓSnₓTe. For Cd₃As₂, sublimation in an evacuated sealed quartz ampoule using a temperature gradient allows arsenic to vaporize and redeposit as high-purity crystals (Borisenko et al., 2014). The directional vapour flow minimizes arsenic vacancies, which are known to act as electron donors and alter the Dirac cone symmetry (Neupane et al., 2014). Moreover, vapour phase methods enable researchers to grow crystals with well-aligned facets, which is critical for probing Fermi arcs via angle-resolved photoemission spectroscopy (ARPES) (Liu et al., 2014). For Pb₁₋ₓSnₓTe, vapour phase growth also supports the formation of topological crystalline insulator phases by precisely managing the Sn/Pb ratio during transport, affecting the material’s mirror symmetry and topological invariants (Tanaka et al., 2012; Xu et al., 2012). Growth temperature profiles and ampoule pressure also significantly influence point defect concentrations, which impact carrier mobility and activation energy for bandgap transitions. Table 3 shows vapour phase growth conditions and outcomes for Cd₃As₂ and Pb₁₋ₓSnₓTe. 
Table 3: Vapour phase growth conditions and outcomes for Cd₃As₂ and Pb₁₋ₓSnₓTe.
	Material
	Growth method
	Temp. gradient (ΔT)
	Pressure
	Key benefits
	Ref.

	Cd₃As₂
	Sublimation-condensation
	~50–100 °C
	<10⁻⁵ Torr
	Reduced as vacancies, facet alignment
	Borisenko et al., 2014

	Pb₁₋ₓSnₓTe
	Physical vapour transport
	~30–80 °C
	Sealed ampoule
	Sn/Pb control for topological phase tuning
	Tanaka et al., 2012; Xu et al., 2012



2.1.52.1.5.  Chemical vapour deposition (CVD)					                 Chemical vapour deposition (CVD) provides fine control over thin-film growth, which is essential for low-dimensional systems where quantum confinement and interface effects dominate. In Cd₃As₂, CVD enables the fabrication of nanowires, nanosheets, and epitaxial films, allowing exploration of quasi-one-dimensional and two-dimensional transport regimes. The physics of thin-film growth involves surface diffusion, nucleation kinetics, and thermodynamic phase stability, which are crucial for suppressing stacking faults and twin domains that could destroy Dirac node degeneracy (Ali et al., 2014). Additionally, film thickness in CVD-grown samples directly influences quantum oscillation amplitudes and phase shifts, key observables in magnetotransport studies (He et al., 2014). For Pb₁₋ₓSnₓTe, CVD allows layer-by-layer deposition with tunable composition gradients, enabling the study of phase boundaries between topologically trivial and non-trivial regimes. Moreover, heterostructure fabrication using CVD has enabled the observation of interface states and proximity effects with superconductors, opening pathways for Majorana fermion exploration (Sato & Ando, 2017). Advanced variations like metal-organic CVD (MOCVD) further improve uniformity and enable large-scale integration with device platforms.
Arrhenius equation helps one to understand the mass transfer and surface reaction kinetics, which affect the deposition rate in CVD:


	    								(2)




where R is the deposition rate, A is the pre-exponential factor, Ea ​ is the activation energy, ​ is Boltzmann’s constant, and T is the substrate temperature (Łach, & Svyetlichnyy, 2024).      The CVD technique, which offers precise control over the Sn composition, is responsible for tuning the band gap of Pb₁₋ₓSnₓTe from a semiconductor to a semi-metallic state (Ali et al., 2014;).  The band gap  can be modeled as a function of composition  using Vegard’s law with a bowing parameter b as shown in eqn. (3):

	  				(3)			           		




where  is the band gap energy of the alloy,  and  are the band gaps of SnTe and PbTe, respectively, is the molar fraction of Sn in the alloy, and b is the bowing parameter, which accounts for the deviation from a linear interpolation between the end-member compounds (Hummer et al., 2007; Tanaka et al., 2012).
2.1.6 2.1.6. Liquid phase growth
Liquid phase growth methods, including liquid phase epitaxy (LPE) and flux growth, are instrumental in synthesizing high-quality semiconductor crystals like Cd₃As₂ and Pb₁₋ₓSnₓTe due to their ability to minimize defect densities and maintain stoichiometric precision. For Cd₃As₂, which exhibits a 3D Dirac semimetal phase protected by crystal symmetry, controlling the arsenic vapour pressure and flux composition is essential to preserving its linear band dispersion and high carrier mobility (Neupane et al., 2014; Liu et al., 2014). 		     Equation (4) shows a 3D Dirac Hamiltonian describes the resulting Dirac semimetal band structure.


									(4)


where ​ is the Fermi velocity and represents Pauli matrices (Liu et al., 2014).
LPE allows slow, equilibrium-driven growth from supersaturated solutions, helping maintain homogeneity and suppress secondary phases that could degrade its topological properties (Ali et al., 2014). In Pb₁₋ₓSnₓTe, liquid phase methods facilitate fine-tuning of the Sn composition, enabling controlled traversal across the topological phase boundary where the bandgap inverts at x≈0.3x \approx 0.3x≈0.3, thereby realizing topological crystalline insulator behaviour (Dziawa et al., 2012; Tanaka et al., 2012). 						               The bandgap follows:


						(5)
with b as the bowing parameter (Dziawa et al., 2012; Tanaka et al., 2012). Maintaining thermal equilibrium in LPE also reduces point defects, preserving topological surface states (Xu et al., 2015).	Moreover, the gentle thermal environment of LPE reduces thermal stresses, which is crucial for preserving the delicate symmetry-breaking mechanisms that give rise to surface Dirac cones (Xu et al., 2015).
2.1.72.1.7.  Float method
The float zone technique is a contamination-free, crucible-less crystal growth method particularly effective for high-purity semiconductors like Cd₃As₂ and Pb₁₋ₓSnₓTe, where extrinsic impurities can significantly alter electronic and topological properties. In Cd₃As₂, float zone growth supports the formation of ultra-clean crystals with extremely high electron mobility (μ>106 cm2v−1s−1), which is crucial for the observation of chiral anomaly and negative magnetoresistance (Liang et al., 2015; Xiong et al., 2015).This method yields high-purity Cd₃As₂ with minimal arsenic vacancies, preserving its Dirac cone and enabling high-mobility transport described by eqn. (6):



										(6)
where σ is conductivity, n is carrier density, e is electron charge, and μ is mobility. The method's precise control over the melt zone helps maintain stoichiometric balance and suppress the formation of arsenic vacancies that can shift the Fermi level away from the Dirac point (Jeon et al., 2014). For Pb₁₋ₓSnₓTe, float zone growth minimizes contamination from crucible walls, yielding crystals with sharp topological phase transitions and surface states protected by mirror symmetry (Okada et al., 2013). The resulting structural homogeneity is vital for angle-resolved photoemission spectroscopy (ARPES) and magneto-transport experiments probing topological transitions and bandgap closure (Xu et al., 2015).
2.1.82.1.8.  Solid-state methods						                         Synthesizing semiconductor crystals including gapless (Cd₃As₂) and tuned-gap (Pb₁₋ₓSnₓTe) still depend fundamentally on solid-state techniques.  Under controlled temperature, these methods entail direct reactions between high-purity elemental precursors (Schumann et al., 2018).  For example, heating cadmium (Cd) and arsenic (As) powders in a sealed quartz tube under vacuum or inert gas atmospheres will synthesis Cd₃As₂, hence preventing oxidation and guaranteeing stoichiometric accuracy (Ali et al., 2014; Neupane et al., 2014).  Usually, using a multi-step heating technique, the method progressively raises the temperature to encourage phase formation while preventing too high arsenic volatilization (Liu et al., 2014).          Likewise, combining and heating high-purity lead (Pb), tin (Sn), and tellurium (Te) powders (Dziawa et al., 2012) results in Pb₁₋ₓSnₓ Te.  Achieving the intended adjustable band gap depends on controlling the Sn to Pb ratio; raising Sn concentration causes the band gap to go from a trivial insulator state to a topological phase (Wojek et al., 2014).  Optimizing electrical and thermoelectric properties depends on big grain development and minimization of crystalline structure flaws, so a long cooling procedure is commonly used to enable both (Bagiyeva et al., 2023).  Solid-state synthesis is a favoured technique for bulk crystal formation (Schumann et al., 2018; Hasan & Kane, 2010) because of its scalability and cost-effectiveness.    Despit its benefits, the solid-state technique has problems including uniform mixing of precursors and the necessity of high-temperature processing (Liu et al., 2014; Xu et al., 2015).  These elements can cause flaws such vacancies, dislocations, or secondary phases, therefore impacting the electronic characteristics of the produced crystals (Schumann et al., 2018).  Researchers may employ repeated grinding and pressing cycles or lengthy annealing to guarantee uniformity and therefore help to minimize these problems (Neupane et al., 2014; Wojek et al., 2014).  Furthermore, investigated to improve crystal quality and size are other synthesis paths like flux growth and chemical vapour transfer (Ali et al., 2014).  	  Optimizing the thermoelectric characteristics of Pb₁₋ₓSnₓTe solid solutions has been a recent topic of research. For example, Bagiyeva et al. (2023) examined the thermoelectric characteristics of single crystals of a Pb-enriched Pb₀.₆₅Sn₀.₂₅Te solid solution, therefore stressing the effect of compositional adjustment on material performance.  Such studies emphasize the need of exact control over composition and processing conditions in designing the features of these semiconductors (Xu et al., 2015; Zhang et al., 2020).
Obtaining Cd₃As₂ and Pb₁₋ₓSnₓTe crystals for experimental and technological uses still depends fundamentally on solid-state synthesis (Hasan & Kane, 2010; Liu et al., 2014).  However, optimizing process parameters including reaction times, temperature profiles, and post-synthesis treatments is crucial to obtain high-quality single crystals (Dziawa et al., 2012; Wojek et al., 2014).  Recent developments in doping methods and controlled nucleation tactics have significantly improved the structural and electrical properties of these materials, therefore opening the path for increased performance in quantum and topological devices (Neupane et al., 2014; Zhang et al., 2020).

2.1.92.1.9.  Pulsed laser deposition							       Growing thin films of Cd₃As₂ and Pb₁₋ₓSnₓTe with regulated thickness and composition (Kuzanyan & Kuzanyan, 2016; Wolfman et al 2020) uses pulsed laser deposition (PLD).  Under controlled vacuum or gas conditions, a high-energy pulsed laser beam in PLD is focused at a target material to produce a plasma plume that deposits onto a substrate (Willmott & Huber, 2000; Shin et al., 2016).  This approach is quite appropriate for producing high-quality epitaxial films with low defects since it provides exact control over stoichiometry and film thickness. 
Essential for the investigation of topological quantum events, thin films displaying Dirac semimetal properties have been produced from Cd₃As₂ by means of PLD (Uchida et al., 2017; Zhang et al., 2020).  The crystallinity and phase purity of the produced films depend much on the growth parameters including laser fluence, substrate temperature, and ambient pressure (Schou, 2009).  Retaining the stoichiometry of complex compounds—a major benefit of PLD—is typically difficult in conventional thin-film deposition methods as molecular beam epitaxy or sputtering (Eessaa & El-Shamy, 2023; Hensling et al 2024).			             PLD enables exact control of the band gap in Pb₁₋ₓSnₓTe by varying the Sn concentration during deposition (Dziawa et al., 2012).  Band gap engineering is vital in applications in infrared detection and thermoelectric devices, hence this is especially relevant (Neupane et al., 2014; Zhang et al., 2020).  Furthermore, appealing for constructing heterostructures and multi-layered quantum materials is PLD's rapid deposition rate and substrate compatibility.  					          				            Recent developments in PLD methods comprise the creation of hybrid methods to raise film quality.  To control the stoichiometry of chalcogenide films, Surendran et al. (2023) developed a hybrid PLD approach combining an organosulfur precursor with conventional PLD, hence producing enhanced crystallinity and surface smoothness.  This method shows how chalcogenides, including sulfide-based thin-film applications, might exhibit more general epitaxial development.                                		         Notwithstanding its benefits, PLD also has drawbacks like the necessity of high-vacuum conditions and the possibility of surface roughness resulting from particulate ejection from the target (Chrisey & Hubler, 1994).  Also, the fast quenching of the deposited material could cause non-equilibrium phases, which calls for post-deposition annealing to raise crystallinity (Zhang et al., 2020).  Still, constant developments in PLD methods, like in situ monitoring and laser parameter optimization, keep improving the quality and usefulness of semiconductor thin films (Eason, 2006; Schou, 2009).
2.1.102.1.10.  Solid-state reaction							                        Another generally used method for synthesizing Cd₃As₂ and Pb₁₋ₓSnₓTe semiconductor crystals is the solid-state reaction approach (Ali et al., 2014; Dziawa et al., 2012; Neupane et al., 2014).  To cause chemical reactions and phase transitions, this approach mixes, grinds, and heats elemental or compound precursors (Schumann et al., 2018; Zhang et al., 2019).  Usually under regulated atmospheric conditions, the reaction occurs in a sealed ampoule or furnace to prevent oxidation and volatilization losses—critical for preserving phase purity (Liu et al., 2014; Hasan & Kane, 2010).     					             High-purity bulk crystals, which are crucial for uses in quantum materials and topological electronics are especially produced by the solid-state reaction technique for Cd₃As₂ (Zhang et al., 2009; Ali et al., 2014; Neupane et al., 2014).  The procedure begins with meticulous stoichiometric weighing of Cd and As particles then mechanical mixing to guarantee homogeneous dispersion.  After that, the mixture is enclosed in an evacuated quartz tube and heated in stages to help the Cd₃As₂ phase to develop while stopping arsenic loss—a difficulty in semiconductor crystal production (Schumann et al., 2018).  This method guarantees phase purity and reduces flaws in carrier mobility and Fermi level location (Liu et al., 2014; Hasan & Moore, 2011), therefore impacting the electrical characteristics of the material.    				  Using a similar technique, Pb₁₋ₓSnₓTe is synthesized by mixing Pb, Sn, and Te powders in precise ratios to attain the intended composition (Dziawa et al., 2012).  Precise thermal control is therefore very important since the reaction temperature and time greatly affect the crystal structure and electrical characteristics of the final product.  Applications in topological insulators and thermoelectrics (Zhang et al., 2019) depend on grain development, hence an elevated temperature annealing boosts carrier mobility.  A topological phase transition—a feature vital for next-generation electronic devices—can be achieved by precisely changing the Sn content, hence influencing the band structure (Dziawa et al., 2012; Liu et al., 2014).                              Ensuring homogeneity in composition is a major difficulty in solid-state reaction synthesis since incomplete reactions can result in phase separation and secondary contaminants (Schumann et al., 2018).  Many times, homogeneity is improved and crystal quality is raised by repeated grinding, pelletizing, and reannealing cycles (Ali et al., 2014; Neupane et al., 2014; Hasan & Moore, 2011).  Phase development, structural integrity, and compositional homogeneity (Schumann et al., 2018) are verified using advanced characterisation tools including X-ray diffraction (XRD) and electron microscopy.
2.22.2.  Comparison of the Different Growth Techniques			                         Two materials fundamental for next-generation electronic and optoelectronic devices, Cd₃As₂ and Pb₁₋ₓSnₓTe, have structural, electronic, and topological properties much influenced by different crystal growth strategies—including vapour phase, liquid phase, and solid-state techniques (Arakane et al., 2012).  Especially chemical vapour deposition (CVD) and molecular beam epitaxy (MBE), vapour phase techniques give remarkable control over film thickness, stoichiometry, and interface sharpness.  Because of its gas-phase precursor processes, CVD allows large-area thin films with highly tuned bandgaps for    Pb₁₋ₓ SnₓTe. Arsenic volatility challenges CVD's application to Cd₃As₂, thereby producing often off-stoichiometric films with low carrier mobility (Wang et al., 2013).  Important for Dirac semimetal behaviour (Uchida et al., 2017), MBE avoids this by providing atomic-layer accuracy, epitaxial films with enhanced carrier mobility, quantum coherence, and lower defect concentrations.  Though their demonstrated value in generating quantum transport-compatible films, both MBE and CVD demand expensive equipment and operating expenses, hence limiting scalability (Ali et al., 2014).
Liquid phase technologies such as Bridgman and float-zone are still essential for bulk crystal production.  Widely applied for Pb₁₋ₓSnₓTe, the Bridgman approach permits directional solidification from the melt to create high-purity, large single crystals with controlled doping profiles (Kaidanov & Ravich, 2013; Dziawa et al., 2012; Liang et al., 2017).  But problems including tin inhomogeneity and segregation might compromise electrical homogeneity and affect topological phase transitions (Tanaka et al., 2012).  Although its high vapour pressure and arsenic loss during high-temperature processing (Liu et al., 2014) make the float-zone approach rarely employed for Cd₃As₂, nonetheless it allows the development of defect-free crystals with small grain boundaries, so boosting carrier lifetime.  More reasonably priced and scalable solutions come from solid-state methods include solid-state reaction and pulsed laser deposition (PLD).  Although laser parameters must be precisely controlled to prevent morphological defects, PLD provides stoichiometric film transfer with fast growth for Pb₁₋ₓSnₓTe.  Though generally producing polycrystalline samples with reduced mobility compared to epitaxial films, solid-state reaction, extensively employed for Cd₃As₂ synthesis, allows bulk crystal formation via precursor diffusion at high temperatures (Ali et al., 2014).  Material needs and application aims generally to determine the best growth strategy; however, new hybrid approaches could combine scalability with quantum-grade material quality.  Growth techniques for Cd₃As₂ and Pb₁₋ₓSnₓTe are compared in Table 4.
3. 3. Intrinsic Gapless and Externally Tuned Bandgap Semiconductors
3.1 Intrinsic Gapless Semiconductors: The Case of Graphene 			           From a condensed matter physics perspective, graphene stands out as a prototypical intrinsic gapless semiconductor. Composed of a single atomic layer of carbon atoms arranged in a two-dimensional honeycomb lattice, graphene’s low-energy electronic excitations near the K and K′ points in the Brillouin zone can be described by a linear, Dirac-like dispersion relation. This results in the formation of conical conduction and valence bands that touch at the Dirac points, yielding a zero-bandgap electronic structure (Novoselov et al., 2005 & Castro-Neto et al., 2009).												 The linear dispersion implies that the charge carriers in graphene behave as massless Dirac fermions, exhibiting relativistic-like dynamics within a solid-state framework. Consequently, graphene features exceptionally high carrier mobilities, exceeding 200,000 cm²/V·s under suspended, low-disorder conditions at low temperatures (Bolotin et al., 2008).





Table 4 : Comparison of growth techniques for Cd₃As₂ and Pb₁₋ₓSnₓTe.

	Growth Method
	Material
	Scale
	Crystallinity
	Advantages
	Challenges
	References

	MBE
	Cd₃As₂, Pb₁₋ₓSnₓTe
	Thin films
	Epitaxial
	Atomic control, low defects, topological phase tuning
	Expensive, low throughput
	Ali et al., 2014; Uchida et al., 2017

	CVD
	Pb₁₋ₓSnₓTe
	Thin films
	Poly/mono-layered
	Large area, tunable bandgaps
	Less effective for Cd₃As₂ due to As volatility
	Wang et al., 2013

	Bridgman
	Pb₁₋ₓSnₓTe
	Bulk
	High-quality single
	Directional growth, doping control
	Tin segregation, thermal stress
	Dziawa et al., 2012; Liang et al., 2017

	Float-Zone
	Cd₃As₂
	Bulk
	Single crystal
	Defect-free, no crucible contamination
	Arsenic loss, temperature control
	Liu et al., 2014

	PLD
	Pb₁₋ₓSnₓTe
	Thin films
	Polycrystalline
	Fast growth, stoichiometric transfer
	Morphological defects, laser tuning required
	Ali et al., 2014

	Solid-state reaction
	Cd₃As₂
	Bulk
	Polycrystalline
	Simple, scalable
	Lower mobility, grain boundaries
	Ali et al., 2014






The absence of backscattering in ideal conditions—attributed to the chirality and pseudospin conservation of charge carriers—further enhances transport properties. However, the lack of a bandgap poses fundamental challenges for its use in digital logic devices, where on–off current ratios rely on finite energy gaps to suppress leakage currents in the off-state (Schwierz, 2010).                             To address this, bandgap engineering approaches have been investigated, aiming to break sublattice symmetry or induce electronic localization. Substitutional doping is one such method, wherein heteroatoms like nitrogen or boron are introduced to break the lattice symmetry and perturb the local electronic structure (Usachov et al., 2011; Wei et al., 2009). These dopants introduce localized states and modify the density of states near the Fermi level. Controlled doping concentrations can lead to the opening of a tunable bandgap while retaining some of the high mobility that makes graphene attractive for high-frequency applications (Arikpo & Onuu, 2019; Nandee et al., 2023; Bhushan et al., 2024).			       Another approach to bandgap induction involves breaking the sp² hybridization of carbon atoms through chemical functionalization. For example, hydrogenation converts the planar sp² structure into a buckled sp³ configuration, creating graphene—a material with a theoretically predicted bandgap exceeding 3 eV (Sofo et al., 2007; Elias et al., 2009). Similarly, oxidation, which introduces epoxide and hydroxyl groups, forms graphene oxide, allowing bandgap tuning via the degree of functionalization and reduction (Dreyer et al., 2010). This functionalization effectively break the lattice symmetry and alter the delocalized π-electron system responsible for graphene’s semimetallic behaviour.				          Strain engineering and quantum confinement are additional physical methods to open a bandgap. Uniaxial or biaxial strain modifies the hopping parameters in the tight-binding Hamiltonian, potentially breaking the degeneracy at the Dirac points (Pereira et al., 2009). Similarly, patterning graphene into narrow nanoribbons introduces quantum confinement and edge-state effects, where the magnitude and nature of the induced bandgap are strongly dependent on ribbon width and edge termination (Han et al., 2007).  		                 In spite of its gapless nature, graphene represents a paradigmatic system in the study of Dirac materials and provides a rich platform for exploring relativistic quantum phenomena in solid-state systems (Kim, 2017; Cayssol, 2013).  						              The possibility of manipulating its band structure through symmetry breaking, confinement, or many-body interactions continues to make it a focal point of research in semiconductor physics, nanoelectronics, and quantum device engineering.
3.2 Externally Tuned Bandgap Materials					                        3.2.1 Strain engineering								           Strain engineering is a powerful method for tuning the electronic properties of semiconductors by mechanically deforming their crystal lattice. This deformation alters the interatomic spacing, thereby modifying the band structure of the material. In particular, it can be employed to open or tune bandgaps in otherwise gapless or fixed-gap systems, making it highly relevant for the design of next-generation optoelectronic and nanoelectronic devices (Peng et al., 2020; Ai, 2025).											                 In graphene, which is intrinsically a gapless material, uniaxial or biaxial strain has been demonstrated to induce a bandgap by breaking the symmetry of the honeycomb lattice and altering the Dirac cone structure. Recent studies have reported that applying uniaxial strain in specific crystallographic directions can open a bandgap of several hundred meV, which is sufficient for transistor-like switching behavior (Wang, et al., 2018). Similarly, in transition metal dichalcogenides (TMDs) such as molybdenum disulfide (MoS₂), strain has a significant impact on the bandgap (Ghorbani-Asl et al., 2013). 					          Wang et al. (2021) opined that monolayer MoS₂ exhibits a direct bandgap, but when tensile or compressive strain is applied, the bandgap can be engineered both in magnitude and in character (direct to indirect transition), enhancing performance in optoelectronic devices like photodetectors and flexible solar cells.						       Beyond 2D materials, strain engineering has also been explored in group-IV semiconductor alloys. For example, in GeSn systems, phosphorus doping introduces lattice strain due to atomic size mismatch, which effectively tunes the bandgap and improves infrared optoelectronic performance. This approach enables fine control over band alignment and energy levels, which are critical for integrating GeSn-based photonic components with silicon platforms (Masteghin, et al., 2024 & Nakatsuka et al., 2020).
3.2.2 Heterostructures and alloying						   According to Oh et al. (2024), from a condensed matter physics standpoint, bandgap engineering through heterostructures and alloying serves as a powerful mechanism to tailor the electronic band structure of semiconductors. These approaches exploit fundamental physical interactions at the atomic and quantum levels to control charge carrier dynamics, density of states, and topological phase transitions.							    In the case of van der Waals (vdW) heterostructures, materials such as graphene, originally gapless due to its linear Dirac-like dispersion, can exhibit an induced bandgap when placed atop substrates like hexagonal boron nitride (h-BN). The lattice mismatch and broken sublattice symmetry introduced by h-BN perturb the Dirac cones in graphene, leading to a lifting of degeneracy at the Dirac point (Liu et al., 2016). This symmetry breaking is often described in terms of an effective mass term in the low-energy Dirac Hamiltonian, enabling bandgap opening and thus semiconducting behaviour crucial for applications such as field-effect transistors (Bhandary et al., 2022). Figure 3 illustrates the Band structure of Fib21 system with the reverse order of graphene and h-BN layers (a), and schematic diagram of band level splitting in Fib21 reverse structure along with the partial charge density plots (b).
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Figure 3: a) Band structure of Fib21 system with the reverse order of graphene and h-BN layers. The picture on the right side is a close-up of the band structure near the Fermi energy to show the opening of a bandgap at the Dirac point. b) Schematic diagram of band level splitting in Fib21 reverse structure along with the partial charge density plots for valence band maximum (VBA) and conduction band minimum (CBM) at Dirac point (Bhandary et al., 2014).
Alloying introduces another level of tunability by modifying the crystal potential through compositional variation, thereby reshaping the band structure via the virtual crystal approximation (VCA) and accounting for band anti-crossing effects. For instance, the alloy Pb₁₋ₓSnₓTe allows for a continuous transition between a trivial narrow-gap semiconductor and a topological crystalline insulator (TCI) phase. This transition arises due to the inversion of conduction and valence bands at the L-point in the Brillouin zone as the Sn concentration increases. The band inversion is a quantum mechanical result of relativistic spin-orbit coupling and the strong covalent bonding between Pb/Sn and Te atoms (Tanaka Y., et al., 2012). Such topological transitions are characterized by changes in the bulk band topology, described by mirror Chern numbers, and are experimentally confirmed via surface states protected by crystalline symmetry.								           Additionally, solution-phase synthesis methods for metal chalcogenides (e.g., MoS₂, WS₂, and related systems) offer physicists a platform to create low-dimensional structures where quantum confinement effects dominate. At nanometer scales, reduction in dimensionality leads to the discretization of energy levels and a widening of the bandgap relative to bulk due to enhanced carrier localization. Moreover, heterointerfaces created during synthesis—such as core–shell nanocrystals or lateral heterojunctions—introduce band offsets and interface dipoles, which affect charge separation and recombination rates (Mishra, et al., 2022). These properties are directly relevant to excitonic behavior, tunneling phenomena, and optoelectronic performance. In all these approaches, the tunable bandgap emerges from manipulating physical parameters such as lattice symmetry, atomic composition, strain, dimensionality, and quantum confinement (Chaves et al., 2020).
3.2.3 Doping and functionalization: Modifying electronic properties		            From a condensed matter physics viewpoint, doping and functionalization serve as crucial methods to tune the electronic structure of semiconductors. (Costa et al., (2022). In two-dimensional (2D) materials like graphene, substitutional doping with elements such as boron (group III) or nitrogen (group V) introduces localized states that modify the Dirac cone at the K-point, resulting in p-type or n-type behavior, respectively (Hassan et al., 2025). These dopants shift the Fermi level away from the Dirac point, altering the carrier concentration and enabling charge transport characteristics suitable for device applications (Singh et al., 2021). Functionalization through molecular adsorption further allows for reversible Fermi level tuning without significantly disturbing the π-electron network (Georgakilas et al., 2012; Georgakilas et al., 2016). Electron-donating molecules (e.g., amines) raise the Fermi level, while electron-withdrawing species (e.g., NO₂) lower it (Gierz, I., 2008). Unlike bulk doping, these methods preserve the high mobility intrinsic to pristine graphene by avoiding strong scattering centers or structural defects. Such band structure modifications enable precise control of the material’s electrical and optical response, facilitating their integration in sensors, transistors, and tunable optoelectronic systems (Kitadai et al., 2021).
4. 4. Analysis
4.1 Structural Characterization   
The structural characterization of Cd₃As₂ and Pb₁₋ₓSnₓTe is crucial for understanding their crystallographic quality, phase purity, and lattice parameters, which directly influence their electronic properties. Cd₃As₂ typically crystallizes in a tetragonal structure with high symmetry, enabling its classification as a Dirac semimetal with linear band dispersion near the Dirac points (Ali et al., 2014). In contrast, Pb₁₋ₓSnₓTe exhibits a tunable rock-salt crystal structure that transitions from a trivial insulator to a topological crystalline insulator as the Sn concentration increases (Tanaka et al., 2012). These changes in structural symmetry and lattice constants are highly sensitive to stoichiometry and thermal processing conditions, necessitating precise characterization techniques to optimize material synthesis for desired electronic and topological properties.

4.1.1 X-ray diffraction (XRD)
Both Cd₃As₂ and Pb₁₋ₓSnₓTe benefit from X-ray diffraction (XRD) in phase formation confirmation, lattice constant determination, and evaluation of crystalline quality.  Sharp diffraction peaks for Cd₃As₂ imply strong crystallinity and few defects, which are necessary to preserve the Dirac cone features in its electrical band structure (Liu et al., 2014).  XRD patterns in Pb₁₋ₓSnₓTe show systematic variations in peak positions with different Sn concentration, therefore reflecting changes in lattice characteristics and verifying effective alloying (Dziawa et al., 2012).  Furthermore, detectable are secondary phases, which makes XRD an essential instrument for matching structural and electrical behaviour in these materials.

5.1.2 Electron microscopy
High-resolution imaging and compositional information essential for microstructural study of Cd₃As₂ and Pb₁₋ₓSnₓTe are provided by electron microscopy techniques.  These techniques expose surface morphology, grain boundaries, and defects impacting carrier mobility and transport characteristics, therefore complementing XRD.  Direct visualization of nanostructural features, phase interfaces, and inhomogeneities that would not be clear using bulk characterization approaches is made possible by scanning and transmission electron microscopy (Zhang et al., 2019).

i. Scanning electron microscopy (SEM)
Examining the surface appearance and microstructure of Cd₃As₂ and Pb₁₋ₓSnₓTe crystals is much aided by SEM.  Consistent with high-quality single-crystal growth, SEM images in Cd₃As₂ typically exhibit smooth surfaces with layered development patterns (Ali et al., 2014).  Conversely, Pb₁₋ₓSnₓTe shows grain shape and surface roughness dependent on Sn content and growing process.  Furthermore, helping to confirm elemental composition and distribution is SEM coupled with energy-dispersive X-ray spectroscopy (EDS), therefore guaranteeing consistent Sn inclusion in Pb₁₋ₓSnₓTe.

ii. Transmission electron microscopy (TEM)
Examining crystallographic flaws, dislocations, and interface quality in heterostructures including Cd₃As₂ and Pb₁₋ₓSnₓTe is much benefited by TEM's atomic-scale resolution.  Resolving lattice fringes, high-resolution TEM (HRTEM) verifies epitaxial connections and strain fields in thin films or junctions (Zhang et al., 2019).  TEM experiments in Pb₁₋ₓSnₓTe have exposed local compositional variations and stacking flaws influencing topological surface states.  Moreover, certain area electron diffraction (SAED) patterns acquired with TEM support phase identification and crystal symmetry at the nanoscale.
Lattice parameter of Pb₁₋ₓSnₓTe varies linearly with Sn content (x), based on Vegard’s law as shown in Figure 4 (Dziawa et al, 2012) while Table 5 shows structural characterization for Cd₃As₂ and Pb₁₋ₓSnₓTe using different methods.
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Figure4: Variation of Pb₁₋ₓSnₓTe lattice parameter with Sn content (x), based on Vegard’s law (Dziawa et al., 2012).


Table 5: Structural characterization methods and insights for Cd₃As₂ and Pb₁₋ₓSnₓTe
	Technique
	Material
	Key Insights
	Application Relevance
	Reference

	XRD
	Cd₃As₂
	Tetragonal symmetry; high crystallinity
	Dirac semimetal phase preservation
	Liu et al., 2014

	XRD
	Pb₁₋ₓSnₓTe
	Peak shifts with Sn; phase confirmation
	Alloy homogeneity and bandgap tuning
	Dziawa et al., 2012

	SEM + EDS
	Cd₃As₂
	Layered faceting; surface smoothness
	Confirms single-crystal growth
	Ali et al., 2014

	SEM + EDS
	Pb₁₋ₓSnₓTe
	Grain morphology; EDS confirms Sn content
	Growth condition optimization
	Zhang et al., 2019

	TEM + SAED
	Pb₁₋ₓSnₓTe
	Compositional inhomogeneities; stacking faults
	Reveals defects impacting topological behavior
	Zhang et al., 2019

	HRTEM
	Cd₃As₂, Pb₁₋ₓSnₓTe
	Lattice fringes, interface quality
	Confirms epitaxy and strain analysis
	Zhang et al., 2019




4.2 Optical Properties
5.2.1 Raman spectroscopy							            Investigating the vibrational and phononic characteristics of semiconductor crystals depends critically on Raman spectroscopy.  It depends on the inelastic scattering of photons, in which incident photons interact with lattice vibrations (phonons) producing energy changes in the dispersed light.  This process follows the energy conservation principle, stated as: 
	ℏωᵢ = ℏωₛ ± ℏΩ 								(7)

where ℏωᵢ is the input photon energy, ℏωₛ is the scattered photon energy, and ℏΩ corresponds to the energy of the phonon.  The positive sign indicates stokes scattering (energy loss); anti-Stokes scattering (energy gain) by the negative sign (Peter & Cardona, 2010).                            Raman spectroscopy indicates unique phonon modes in Cd₃As₂ including A₁g, B₁g, and Eg modes, which match symmetric and asymmetric vibrational patterns of the Cd and As sublattices.  Strong electron-phonon coupling resulting from Dirac fermions in Cd₃As₂ modulates phonon lifetimes and peak broadening under external perturbations (Ali et al., 2014; Neupane et al., 2014; Armitage et al., 2018).  Changes in the interatomic bonding strength cause a topological phase transition under high pressures to show changes in Raman-active modes.  These results match expectations from quantum field theory, in which phase transitions arise from symmetry-breaking circumstances in topological Dirac semimetals (Burkov, 2015; Narayan et al., 2014).  Characteristic longitudinal optical (LO) and transverse optical (TO) phonon modes in Pb₁₋ₓSnₓTe show shift dependent on Sn concentration (Dziawa et al., 2012; Tanaka et al., 2012).  Changes in interatomic force constants explain these variations; the phonon dispersion relation describes this process:                                                                                              
										(8)           where C is the force constant and m is the atomic mass (Peter & Cardona, 2010). Increasing Sn content weakens interatomic bonding, leading to phonon softening, a key indicator of the transition from a trivial insulator to a topological crystalline insulator (TCI) phase (Assaf et al., 2017). Dependent on temperature:  Higher temperatures enhance phonon-phonon scattering, hence lowering phonon lifetimes and affecting thermoelectric performance. Raman studies have also indicated phonon anharmonicity effects.
4.2.2 Photoluminescence (PL)								    In semiconductor materials, photoluminescence (PL) spectroscopy is a versatile method for investigating band structure, defect states, and carrier recombination. PL arises from the radiative recombination of photoexcited electron-hole pairs, which can be described by:

								(9)



where is the bandgap energy, ​ is the exciton binding energy, and  accounts for  quantum confinement effects (Peter & Cardona, 2010; Klingshirn, 2012).		          Since radiative recombination is less effective than nonradiative processes including Auger recombination and defect-assisted trapping, weak intrinsic PL emission develops in Cd₃As₂ from gapless electronic structure.  Conversely, a restricted bandgap produced under applied strain or quantum confinement can produce visible PL transitions.  Their linear dispersion connection regulates the carrier dynamics in Cd₃As₂:

									(10)




where is the energy, is the Fermi velocity, ℏ is the reduced Planck's constant, ​  and  is the wave vector. (Neupane et al., 2014; Liu et al., 2014; Arikpo & Onuu., 2019). By means of controlled synthesis mid-gap defect states—especially arsenic vacancies—can induce localized PL peaks, therefore enabling material quality assessment and optimization of optical characteristics.  
PL observations give important new perspectives on bandgap tuning for Pb₁₋ₓSnₓTe since the emission peak moves with increasing Sn concentration.  This fluctuation adhering to Vegard's law:


					(11)









is bandgap energy of the Pb₁₋ₓSnₓTe alloy at a given . is bractional composition of Sn (tin) in the Pb₁₋ₓSnₓTe alloy, where  varies from 0 (pure PbTe) to 1 (pure SnTe).  is bandgap energy of pure lead telluride (PbTe). bandgap energy of pure tin telluride (SnTe).  is bowing parameter, which accounts for deviations from the linear interpolation due to atomic disorder, strain effects, and band interactions. (Assaf et al., 2017; Dziawa et al., 2012). At a critical Sn concentration (≈0.3), a phase transition occurs from a trivial insulator to a TCI, significantly modifying the PL response due to the emergence of topologically protected surface states (Okada et al., 2013).
Low-temperature PL experiments have revealed strong excitonic effects in Pb₁₋ₓSnₓTe; Coulomb interactions enhance the recombination rate under the control of the exciton binding energy equation:

									(12)




is exciton binding energy, which quantifies the energy needed to separate the bound electron-hole pair, μ is exciton reduced mass, e is elementary charge (1.602×10−19 C), representing the charge of an electron or proton.is permittivity of free space,(8.854x10-12 F/m), a fundamental constant describing the ability of a vacuum to permit electric field lines.is relative permittivity (dielectric constant) of the Pb₁₋ₓSnₓTe semiconductor, which influences the Coulomb interaction between the electron and hole.is reduced Planck’s constant , which appears in quantum mechanical expressions describing energy levels and wave functions. (Klingshirn, 2012; Peter & Cardona, 2010). Furthermore, shown to adjust PL spectra in Pb₁₋ₓSnₓTe is external electric and magnetic fields, which allow tuned infrared optical properties fit for photodetection uses. Optical parameters of the materials are shown in Table 6. 
Table 6: Summary of optical parameters in Cd₃As₂ and Pb₁₋ₓSnₓTe
Source: Compiled from Peter & Cardona (2010); Assaf et al. (2017); Dziawa et al. (2012)

	Material
	Key Raman modes
	PL emission peak
	Bandgap (eV)
	Notes

	Cd₃As₂
	A, B, E
	Weak/intrinsic
	~0 (Dirac)
	Gapless

	Pb₁₋ₓSnₓTe
	LO, TO (shift w/ x)
	Tunable (x-dependent)
	0.18–0.3
	Topological transition at x~0.3



4.3 Electron and Transport Properties
5.3.1 Hall effect									    Discovered by Edwin Hall in 1879, the Hall effect results from the Lorentz force acting on charge carriers in a conductor causing a transverse voltage (V_H) when a magnetic field (B) is applied perpendicular to the current flow (I).  In semiconductor materials, this phenomenon helps one to ascertain carrier concentration, type, and mobility. The Hall voltage is given by:

									(13)

where: I is the current, B is the applied magnetic field, n is the carrier concentration, e is the elementary charge, d is the sample thickness. The Hall coefficient is defined as:

										(14)
which allows the extraction of carrier type (positive for holes, negative for electrons) and density.										             Hall experiments in Cd₃As₂ have shown ultrahigh electron mobility, reaching 10⁶ cm²V⁻¹s⁻¹, ascribed to the suppression of backscattering—a hallmark of Dirac semimetals (Moll et al., 2016; Zhang et al., 2019).  This very great mobility results from low effective mass of carriers inherent in Dirac fermions and linear energy dispersion (Neupane et al., 2014).  Moreover, non-trivial Berry phase effects recorded in Hall measurements support the topological character of Cd₃As₂ (He et al., 2014).  Under applied magnetic fields, the material also shows notable negative magnetoresistance, ascribed to the chiral anomaly, hence validating its classification as a Weyl semimetal (Xiong et al., 2015).  						             Hall effect experiments in Pb₁₋ₓSnₓTe have revealed that undoped PbTe is usually p-type with hole concentrations in the range of 10¹⁷ to 10¹⁹ cm⁻¹ (Dziawa et al., 2012).  A band inversion is essential for realising topological crystalline insulator (TCI), so increasing the Sn content results in a transition to n-type conduction (Assaf et al., 2017).  Depending on doping levels and growing circumstances, the carrier mobility in Pb₁₋ₓSnₓTe ranges greatly and reaches values as high as 10⁴ cm²V⁻¹s⁻¹.  Especially in thin-film and nanostructured samples, the existence of surface states in topologically non-trivial compositions alters the Hall response even more.
4.3.2 Angle-resolved photoemission spectroscopy (ARPES)			     Measuring the kinetic energy and momentum of electrons expelled upon photon absorption allows angle-resolved photoemission spectroscopy (ARPES) to directly probe the electronic band structure of materials. This lets one map electronic states and find topological characteristics (Damascelli et al., 2003).  ARPES observations in Cd₃As₂ have unequivocally shown its three-dimensional Dirac semimetal character by exposing linear dispersion bands spanning great distances into the bulk (Borisenko et al., 2014).  Crucially for possible quantum device applications, these findings verify the existence of massless Dirac fermions and topologically protected surface states (Liu et al., 2014).  Furthermore, ARPES has shown that small chemical doping or strain engineering can cause inversion symmetry to be broken and a transition into a Weyl semimetal phase, hence changing the electronic topology of the material (Jeon et al., 2014).
ARPES has been crucial in verifying the topological phase change occurring with rising Sn content (Xu et al., 2012) for Pb₁₋ₓTe.  The material behaves as a normal semiconductor for low Sn concentrations; yet, a band inversion at the L-points of the Brillouin zone marks the change to a topological crystalline insulator (Dziawa et al., 2012). The Sn fraction exceeds a threshold value, x = 0.3.  ARPES has shown the existence of discrete Dirac-like surface states by means of their symmetry-protected character resulting from mirror-plane symmetries instead of time-reversal symmetry alone (Tanaka et al., 2012).  More strong surface conduction channels made possible by this special quality make Pb₁₋ₓSnₓTe a potential material for spintronic and quantum computing uses (Okada et al., 2013).

4.3.3 Electrical conductivity measurements
Measurements of electrical conductivity (σ) offer crucial new perspectives on the transport characteristics of semiconductor materials, therefore exposing details on scattering mechanisms, carrier dynamics, and disorder effects.  Conductivity is defined as:


										(15)

where μ is the carrier mobility.							           With strong carrier mobility and negligible electron-hole recombination (Liu et al., 2014), electrical resistivity (ρ) shows a non-trivial dependency on temperature in Cd₃As₂ with metallic behaviour exhibited even at low temperatures.  Studies of thickness-dependent conductivity show that thin films show increased conduction from topologically shielded channels, therefore indicating a major contribution of surface states to transport characteristics (Schumann et al., 2018).  Moreover, conductivity of high-purity Cd₃As₂ crystals shows the robustness of its Dirac-like charge carriers against impurity dispersion by remaining strong against flaws (Narayanan et al., 2015).  								   Particularly across the topological phase transition (Dziawa et al., 2012), electrical conductivity in Pb₁₋ₓSnₓTe relies much on temperature and composition.  Electrical resistivity exhibits a characteristic low for compositions close to the critical transition (x = 0.3−0.4), suggesting the interaction between bulk and surface conction (Assaf et al., 2017).  Reduced resistivity thin-film and nanostructured Pb₁₋ₓSnₓTe samples support the predominance of surface transport channels in the TCI phase using their significantly low resistivity (Taskin et al., 2014).  Doping and defect engineering can also change the conductivity, therefore enabling exact control over electronic characteristics for thermoelectric and optoelectronic uses. Transport properties of the materials are summarized in Table 7 below.

Table 7: Summary of Transport Properties in Cd₃As₂ and Pb₁₋ₓSnₓTe
Source: Compiled from Moll et al. (2016); Assaf et al. (2017); Dziawa et al. (2012); Liu et al. (2014)
	Material
	Hall mobility (cm²/Vs)
	Carrier type
	Topological phase
	Notes

	Cd₃As₂
	~10⁶
	Electrons
	Dirac/Weyl semimetal
	Negative MR observed

	Pb₁₋ₓSnₓTe
	10³–10⁴
	Holes → Electrons
	TCI (x > 0.3)
	Tunable by Sn content



5. 5. Applications and prospects
5.1 Electronic Devices 
5.1.1                                                                                                                     5.1.1 Transistors

Because of their high electron mobility and Dirac-like linear dispersion-relation (Zhang et al., 2020), Gapless semiconductors—like Cd₃As₂—have attracted interest for possible usage in high-performance transistors.  By means of ballistic transport over micrometer-scale distances, this unusual band structure lowers power dissipation and increases transistor efficiency.  Furthermore, the engineering of Pb₁₋ₓSnₓTe by alloy composition permits the engineering of its electrical properties, thereby enabling specific bandgap structures essential for transistor uses (Assaf et al., 2017).  Leveraging their quantum confinement properties, recent investigations have shown the viability of topological field-effect transistors (FETs) based on these materials, hence enabling ultra-low-power electronic devices.
5.1.2 5.1.2 Terahertz applications
Promising prospects for terahertz (THz) applications are Cd₃As₂ and Pb₁₋ₓSnₓTe with their unusual band structures.  For THz emission and detection, Cd₃As₂ is perfect since its gapless character shows rapid carrier dynamics with its tuned bandgap, Pb₁₋ₓSnₓTe enables exact engineering of interband transitions, hence improving its use in THz photonic devices (Orlita et al., 2014).  Where effective THz generation and detection are critical, THz applications of these materials include high-speed wireless communication, medical imaging, and security screening.

5.2.  5.2 Optoelectronic Devices
5.2.1. 5.2.1 Photodetectors
High carrier mobility and broadband absorption have allowed photodetectors based on Cd₃As₂ and Pb₁₋ₓSnₓTe to show extraordinary performance (Wang et al., 2017).  As a Dirac semimetal, Cd₃As₂ provides extremely responsive and ultrafast photodetection, hence fit for uses in high-speed optical communication and imaging.  Essential for night vision and thermal imaging applications, Pb₁₋ₓSnₓTe's variable bandgap enables infrared (IR) photodetection.  Recent developments in heterostructure engineering have increased the quantum efficiency and response speed of these photodetectors, hence extending their practical uses.
5.2.2. 5.2.2 Solar cells
Pb₁₋ₓSnₓTe's variable bandgap enables optimal absorption across the solar spectrum, hence driving its potential in photovoltaic applications (Hao et al., 2014). Researchers have created Pb₁₋ₓSnₓTe-based solar cells with increased power conversion efficiency by varying the Sn concentration, therefore rendering them competitive with conventional semiconductor materials.  Furthermore, under investigation for use in next-generation solar cells is Cd₃As₂, especially in tandem topologies where its great mobility can increase carrier transport efficiency.  Expected future developments in material synthesis and device fabrication will improve the performance of these semiconductors in photovoltaic uses even more.
5.3. 5.3 Quantum and Topological Applications
5.3.1. 5.3.1 Quantum computing							                 Cadmium arsenicide (Cd₃As₂) and lead-tin telluride (Pb₁₋ₓSnₓTe) display interesting features for usage in quantum computers due of their unique electrical characteristics.  Strong quantum coherence (Moll et al., 2016) is enabled by highly mobile Dirac fermions in a gapless Dirac semimetal from Cd₃As₂.  Dirac nodes with symmetry-protected topological protection improve topological protection, hence lowering decoherence and providing a promising candidate for fault-tolerant quantum computing (Neupane et al., 2014).  Similarly, Pb₁₋ₓSnₓTe shows a topological phase transition allowing controlled band gap modulation when tuned to specific compositions, hence benefiting constructed quantum states (Dziawa et al., 2012).	       Another important benefit comes from topological superconducting states hosted by these elements.  When proximitized with superconductors (Aggarwal et al., 2016), Cd₃As₂ can support Majorana fermions—exotic quasiparticles providing non-Abelian statistics crucial for topological quantum computing.  Pb₁₋ₓSnₓTe has also been suggested as a platform for the realization of Majorana zero modes at particular surface terminations in its topological crystalline insulator (TCI) phase (Sato & Ando, 2017).
For spin-based quantum information processing the tunable band structure of Pb₁₋ₓSnₓ Te helps to enable exact modulation of spin-orbit interactions.  Recent developments in nanostructuring improve the possibility for quantum computing: epitaxially grown Cd₃As₂ nanowires and Pb₁₋ₓSnₓTe quantum wells allow for meticulous control of quantum states via gating and strain engineering.  Topologically designed properties of these nanostructures make scalable integration into quantum circuits possible.
With excellent mobility, topological protection, and the possibility for Majorana modes, Cd₃As₂ and Pb₁₋ₓSnₓTe seem overall as appealing candidates for next-generation quantum computer technologies.  Strong quantum states and interface with superconductors (Armitage et al., 2018) enable a great advantage over traditional platforms.

5.3.25.3.2.  Topological insulators							                  Essential to topological insulator (TI) study are the non-trivial band structures and symmetry-protected surface states of Cd₃As₂ and Pb₁₋ₓSnₓTe.  Usually a Dirac semimetal, Cd₃As₂ can transition into a topological insulating phase under strain or quantum confinement, displaying shielded surface states resistant to backscattering (Wang et al., 2018; Liu et al., 2014).  By contrast, Pb₁₋ₓSnₓTe moves between a TCI phase depending on the tin content and a trivial insulator (Tanaka et al., 2012).							           Low-power electronics and spintronic applications find perfect fit for these qualities.  Protected by time-reversal symmetry in TIs or crystalline symmetry in TCIs, robust surface states let for stable information channels and dissipationless edge transmission (Hasan & Kane, 2010).  A small gap opened by quantum confinement in Cd₃As₂ might allow quantum spin Hall states (Liang et al., 2015; Zhang et al., 2019).  Pb₁₋ₓSnₓTe shows symmetry-protected surface states without depending just on time-reversal symmetry in its TCI phase, so opening a new front in topological materials design (Tanaka et al., 2012; Okada et al., 2013). Table 8 shows a comparison of quantum coherence, band topology, and Majorana mode accessibility in Cd₃As₂ and Pb₁₋ₓSnₓTe.
These topological effects are fundamental for new gadget designs.  Protected channels for energy-efficient switching (Wang et al., 2013) have been researched for topological field-effect transistors (TFETs) employing Cd₃As₂ nanostructured.  Especially in the infrared, where surface states improve absorption and charge transport, Pb₁₋ₓSnₓTe's changeable topology also promotes optoelectronic applications (Assaf et al., 2017).		       		             Both materials allow the formation of unusual states such Majorana fermions by means of the interaction between topology and superconductivity.  Under investigation for fault-tolerant quantum logic (Sato & Ando, 2017) are hybrid Topological Insulator -superconductor systems based on Cd₃As₂ and Pb₁₋ₓSnₓTe.  Their potential for future quantum electronic devices (Armitage et al., 2018) is shown by their disorder resilience, surface state protection, and fit with heterostructure design.
7.6.  Challenges										    Although Cd₃As₂ is a three-dimensional Dirac semimetal with great potential, problems in scalability, material stability, and environmental sensitivity limit its general relevance.  Like with the Bridgman or chemical vapour transport approaches (Ali et al., 2014; Babanly, et al., 2025), the synthesis of high-quality, stoichiometric single crystals often depends on exact control of temperature gradients and vacuum conditions during development.  Furthermore, prone to oxidation and surface deterioration under ambient circumstances is Cd₃As₂, thereby compromising long-term stability and device integration (Zhang et al., 2019; Zhou et al., 2022).  These problems call for in situ fabrication under ultra-high vacuum or encapsulating techniques to maintain topological features and electrical performance.				           While adjustable in terms of bandgap and able to undergo topological phase transitions, Pb₁₋ₓSnₓTe poses its own set of issues.  Especially at high x values (Dziawa et al., 2012), phase separation and non-uniform Sn distribution make achieving homogeneous alloy composition over a bulk or thin-film sample challenging.  Furthermore, introducing strain, dislocations, or cracking during growth and post-processing could be lattice mismatch and thermal expansion variations between Pb₁₋ₓSnₓTe and substrate materials (Assaf et al., 2014).  These structural flaws can influence carrier mobility and hide or suppress the topological surface states, therefore influencing their fit for either electrical or spintronic uses.		            
Table 8: Comparison of quantum coherence, band topology, and Majorana mode accessibility in Cd₃As₂ and Pb₁₋ₓSnₓTe.
	Property
	Cd₃As₂
	Pb₁₋ₓSnₓTe

	Quantum coherence
	High carrier mobility (~10⁶ cm²/Vs), enabling long coherence lengths; strong protection from Dirac node topology (Moll et al., 2016).
	Moderate coherence, tunable via nanostructuring and strain; limited by alloy disorder and phase segregation. (Asaaf et al., 2014)

	Band topology
	Gapless 3D Dirac semimetal with symmetry-protected Dirac nodes; can transition to a topological insulator under strain or confinement. (Wang et al., 2013).
	Tunable from trivial insulator to topological crystalline insulator (TCI) depending on Sn content (Dziawa et al., 2012).

	Majorana mode accessibility
	Supports Majorana modes at superconductor interfaces; feasible via proximity-induced topological superconductivity (Aggarwal et al., 2016).
	Majorana zero modes predicted at specific surface terminations in the TCI phase; symmetry-protected (Sato & Ando, 2017).

	Symmetry protection
	Time-reversal and crystalline symmetry protect Dirac nodes and surface states; robust against backscattering. (Tanaka et al., 2012)
	Crystalline mirror symmetry protects TCI states; more sensitive to structural disorder and strain. (Hsieh et al., 2012)

	Nanostructure Integration
	Demonstrated in high-quality nanowires and thin films; suitable for gating, strain engineering (Wang et al., 2018).
	Quantum wells and superlattices used for controlling band topology and enhancing spin-orbit effects. (Konig et al., 2007)

	Topological Superconductivity
	Observed in proximity-coupled devices; candidate for non-Abelian quantum computing. (Lutchyn et al., 2010)
	Predicted in certain strained or doped geometries; experimentally less developed than Cd₃As₂. (Park et al., 2010; Dziawa et al., 2012)






From a commercial perspective, both materials have difficulties integrating in scalable and reasonably priced manufacturing techniques.  Cost and throughput restrictions make molecular beam epitaxy (MBE) and pulsed laser deposition (PLD) unsuitable for high-throughput manufacturing even if they provide high-quality epitaxial films (Lee et al., 2020).  Also, limited is compatibility with current Complementary Metal-Oxide-Semiconductor (CMOS) technologies, which calls for significant interface engineering and process optimization.  Transition Cd₃As₂ and Pb₁₋ₓSnₓTe from experimental platforms to functional components in quantum computing, spintronics, or topological devices requires overcoming these technical and material-specific hurdles.
7.7.   Conclusion									             Rich interaction between band topology and quantum transport events is revealed by work on Cd₃As₂ and Pb₁₋ₓSnₓTe.  As a three-dimensional Dirac semimetal, Cd₃As₂ exhibits linear energy-momentum dispersion producing ultrahigh carrier mobility and reduced backscattering.  This produces strong quantum coherence and the expression of quantum oscillations including the Shubnikov–de Haas and de Haas–van Alphen effects, therefore verifying the existence of massless Dirac fermions.  Further confirming the non-trivial topological character of chiral charge, the detection of a chiral anomaly—characteristic of Weyl-like transport under aligned electric and magnetic fields—showcases its non-conservation.  Conversely, Pb₁₋ₓSnₓTe shows a controllable transition from a trivial semiconductor to a topological crystalline insulator with the development of surface states sheltered by crystalline symmetry.  These surface states, shown by SdH oscillations and weak antilocalization, provide topologically protected transport channels that can be controlled with composition and external perturbations.	     Different processes control the topological phase behaviour in various materials.  Though extrinsic symmetry-breaking effects like strain or magnetic fields can drive a topological transition into Weyl semimetallic or insulating phases, along with the emergence of Fermi arc surface states, Cd₃As₂ remains intrinsically gapless.  Conversely, the topological phase in Pb₁₋ₓSnₓTe results from band inversion motivated by rising Sn concentration.  Angle-resolved photoemission spectroscopy detects Dirac-like surface states unique of topological crystalline insulators as the band gap shuts and reopens with inverted parity.  Mirror symmetry shields these states, so Pb₁₋ₓSnₓTe is a model system for investigating symmetry-protected topological ordering.  With compositional and structural control contrasting with the perturbation-induced transitions in Cd₃As₂, Pb₁₋ₓSnₓTe offers complementary platforms for investigating topological quantum phases with their different tunability.					     Optically, both materials show distinct marks connected to their topological band structures.  From its gapless Dirac spectrum, Cd₃As₂ shows significant nonlinear responses and broadband optical absorption.  While terahertz and infrared spectroscopy reveal collective excitations such plasmons, optical conductivity measurements indicate the scale-invariant behaviour of Dirac fermions, hence fit for ultrafast optoelectronics.  With surface states in the TCI phase enhancing absorption, Pb₁₋ₓSnₓTe provides bandgap tunability allowing infrared photodetection across a spectrum of wavelengths.  This qualifies this option for topological photonic devices as promising.  Both systems offer chances for future optoelectronics study, especially via heterostructure engineering and the investigation of light-matter interactions in limited geometries, hence producing discoveries in quantum.
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Figure 4. a) Band structure of Fib2] system with the reverse order of graphene and h-BN layers. The picture on the right side is a close-up of the band
structure near the Fermi energy to show the opening of a bandgap at the Dirac point. b) Schematic diagram of band level splitting in Fib21 reverse
structure along with the partial charge density plots for valence band maximum (VBA) and conduction band minimum (CBM) at Dirac point.
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