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This study substantiates the competitive efficiency of solar cells incorporating non-traditional contact structures, drawing on a series of experimental and patented works. It is demonstrated that the performance of such solar cells is strongly influenced by the innovative selection of contact materials, specifically nano-sized crystalline lead chalcogenides (PbX, where X = S, Se, Te) and non-crystalline silicon (Si). The unique electrophysical properties of these materials are analyzed, revealing their significant contribution to enhancing energy conversion efficiency.
Using solutions of the Poisson equation, the parameters of the contact field in nanoheterojunctions Si:PbX were calculated. The results indicate that highly efficient solar energy conversion is achieved when amorphous silicon is combined with nanoscale lead chalcogenides within heterojunction structures. It is further shown that non-crystalline silicon can function effectively as a substrate only in conjunction with nanoscale PbX materials.
The study demonstrates the feasibility of achieving contact field strengths in the range of 105 to 106 V/m, corresponding to Fermi level differences between silicon and lead chalcogenides of approximately 0.1 to 0.2 eV. These findings highlight the potential of nanoheterojunctions Si:PbX for the development of high-efficiency photovoltaic devices.
Introduction
Global energy consumption and population growth are driving an urgent need for sustainable, renewable energy sources (RES) to replace depleting hydrocarbon reserves (Muminov et al., 2023; Askarov et al., 2024). Among these, solar energy is highly promising but currently limited by the high costs associated with traditional monocrystalline silicon solar cells (SCs) (Askarov et al., 2023). To compete effectively with fossil fuels, mass-produced silicon SCs must achieve low manufacturing costs, utilize affordable materials, and maintain long-term operational stability (Zikrillaev et al., 2023, 2025). However, traditional efficiency optimization methods—relying on high-purity single-crystal substrates—are reaching their practical limits, saturating at an efficiency cap of approximately 25–30% (Raab and Springholz, 2002; Sun et al., 2009; Al Tarabsheh A. et. Al., 2013). Exceeding these limits requires a fundamental departure from conventional manufacturing paradigms.
To address this challenge, we propose an unconventional approach that utilizes inexpensive, non-crystalline industrial silicon as an efficient substrate for solar converters (Imamov et al., 2025). While traditionally avoided due to its high defect density and lack of structural purity, industrial silicon drastically reduces the economic barrier to mass-scale light-to-electricity conversion. Electrograms reveal that this highly defective substrate contains a rich spectrum of bulk defect formations (concentrations up to 1025 m-3, sizes from 10-9 to 10-6 m) that form discrete electronic energy states. Crucially, these electrograms also show a high concentration (1022 to 1024 m-3) of purer, ordered silicon nanocrystallites (1 to 30 nm) within the near-surface layers, which play a central role in generating the built-in electrostatic contact field required for solar cell operations.
This novel architecture is further enhanced by incorporating lead chalcogenide (PbX) nanoinclusions, which form isolated "islands" on the randomly distributed crystallites near the silicon surface (Stancu et al., 2007). These PbX nanocrystals exhibit distinct structural and electronic properties that drastically improve light conversion physics (Askarov et al., 2025), characterized by:
· Quasi-Discrete Energy Levels. An energy spectrum composed of narrow, atom-like quasi-discrete levels (Ci and Vi) within the conduction and valence bands, as illustrated in Figure 1.
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	Figure 1.  Change of energy bands of a semiconductor in nanoscale states.


· Size-Dependent Sublevel Spacing. Equal spacing between adjacent sublevels due to the near-equivalence of charge carrier effective masses (mp ≈ mn). The spacing is inversely proportional to nanocrystal size (Klimov, 2006).
· Tunable Bandgap Expansion. An increase in the bandgap energy (Eg) with decreasing size; for example, the bulk Eg of PbS (0.39 eV at 300 K) increases by 1.3 to 2 times at the nanoscale (Klimov, 2006).
· High Static Dielectric Constants. Exceptionally high constants (εPbS = 178-184, εPbSe = 227, and εPbTe = 1300 at 77 K) that yield significant electrical capacitance (Zimin and Gorlachev, 2011).
· Enhanced Quantum Yield. Potential for high quantum yields (β = 4 in PbS; β = 7 in PbSe) driven by multiexciton generation (Schaller et al., 2006) and carrier multiplication phenomena (A.Nozik, 2002).
By pairing the cost-efficiency of defective industrial silicon with the advanced quantum mechanics of lead chalcogenide nanocrystals, this paper presents a feasible pathway toward highly efficient, scalable solar energy conversion devices.
Methodology
Formation of the Si:PbX Nanoheterojunction
The novel solar cell contact architecture is established at the nanoscale interface of two distinct low-dimensional materials. Specifically, a nanoheterojunction (hereafter denoted as Si:PbX) is formed when a silicon (Si) nanocrystallite near the surface of the non-crystalline technical silicon substrate comes into contact with a lead chalcogenide (PbX, where X = S, Se, or Te) nanocrystal.
This structure is synthesized through a multi-stage laboratory procedure:
1. Deposition. Molecular beam epitaxy (MBE) is used to deposit a thin solution layer containing the targeted lead chalcogenide (PbS, PbSe, or PbTe) nanocrystals onto the surface of the defective, non-crystalline technical silicon substrate.
2. Thermal Activation & Self-Organization. The sample undergoes heat treatment at temperatures ranging from 600°C to 800°C. During this process, driven by thermodynamic self-organization, the chalcogenide nanocrystals migrate through the solution matrix to align with structurally compatible silicon nanocrystallites (Raab and Springholz, 2002).
3. Structural Alignment. This self-assembling phase boundary formation is energetically favored and accelerated because both the Si nanocrystallites and the PbX nanocrystals share a closely matched face-centered cubic lattice geometry—a critical prerequisite for rapid quantum-scale self-organization between disparate materials (Springholz et al., 2007).
Following thermal processing, the resulting Si:PbX nanoheterojunctions exhibit superior photovoltaic conversion capabilities. Although an individual nanoheterojunction generates exceptionally low individual currents 10-9 to 10-12 A) and low output voltages (0.1 to 1 V), the macroscopic power output is determined by summing the parallel contributions of an immense network of these junctions across the technical silicon substrate (Askarov et al., 2024). Given an interfacial junction density ranging from 1012 to 1016 cm-2, a projected solar panel area of one square meter can reliably yield a power output of several hundred watts (Zhang B. et. Al., 2016). This significantly outperforms standard industrial, single-crystal roof panels of identical dimensions, which typically generate between 125 and 250 watts.
During the establishment of thermodynamic equilibrium with the underlying substrate, the two space-charge contact regions of the nanoheterojunction form a complex, heterogeneous junction profile. This configuration introduces two unique characteristics:
· The lead chalcogenide nanocrystals exhibit exceptionally high electrical capacitance despite possessing an ultra-thin atomic profile of only 2–3 monolayers.
· These nanoscale lead chalcogenide crystallites are interconnected via highly conductive, nanoscale current-collecting networks—such as carbon nanotubes or graphene mesh coatings—which dictate the unique transport properties of the device.
Electrophysical Properties of Multi-Nanoheterojunction Solar Cells
Integrating a dense, multi-nanoheterojunction network fundamentally alters the electrophysical behavior of the solar cell, leveraging the unique physical properties that emerge when moving from macroscopic materials to low-dimensional nanoscale states. By combining macroscopic and nanostructured components, a highly efficient separating contact is successfully realized on an otherwise highly defective silicon base. Rather than utilizing a single, continuous bulk silicon p-n junction typical of conventional photovoltaics, the proposed solar cell distributes its photoconversion functions across millions of spatially discrete, parallel-connected "nanoscale p-n heterojunctions".
To accommodate the necessary charge capacity within the highly constrained spatial volume of a lead chalcogenide nanocrystal (defined by its minimal surface area and a thickness of a few angstroms), a high electrical capacitance is required during thermodynamic equilibration. The accumulation of a high concentration of free electrons transforms the individual nanocrystal into a region of spatially localized negative charge, effectively operating as a nanoscale "p-region".
Conversely, the adjacent space within the substrate — occupied by the native silicon nanocrystallite — serves as the "n-region". This localized n-region of the heterojunction is characterized by immobile, positively charged donor ions left behind as free electrons migrate to the adjacent chalcogenide p-region. While the p-region remains atomically thin, the spatial depth of the n-region extends through the full structural thickness of the silicon nanocrystallite, measuring between 4 and 35 nm.
Mathematical Modeling of the Nanoheterojunction Contact Field
To calculate the dynamic formation of the contact field and determine the electrical parameters of the Si:PbX nanoheterojunction, we solve the standard one-dimensional (along the x-direction) Poisson equation (Askarov et al., 2025):
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This expression determines the magnitude of the electric field strength vector E(x) and its corresponding electrostatic potential φ(x). Taking into account the boundary and continuity conditions, the solutions for E(x) and φ(x) within the space-charge interval 0 < x < R (where ρ is the volume charge density) yield:
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At the completion of the phase boundary equilibration (x = 0), the amplitude values for the field strength modulus (E0) and the total potential difference (φ0) are defined by:
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The final potential difference (φ0) established across the junction corresponds directly to the energy differential between the initial, uncontacted Fermi levels of the constituent materials: eφ0 = ΔF = FSi – FPbX (assuming FSi > FPbX). The spatial length of the contact field (R) depends on the total number of electrons (N) migrating from Si to PbX, and the average length of the chaotic thermal electron hops (b0), which represents the average distance between adjacent local defect energy states (LDES) in the silicon bandgap (see Figure 2).
Modeling the PbX nanocrystal as a flat, thin plate of thickness d and surface area a2, Gauss's theorem for an infinitely thin, uniformly charged conducting plane (q = eN) dictates that at equilibrium, E0 and φ0 take the form:
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Figure 2. Band diagram of the formed nanoheterojunction Si:PbХ.
Here, ε0 is the vacuum permittivity, while εSi and εPbX are the relative dielectric constants of the respective semiconductors. The volume charge density ρ arises from the transition of N electrons out of the LDES in silicon and into the nanocrystal.
Geometrically, the space-charge region within the silicon matrix behaves as a parallelepiped with a square base a2 and a height R, aligned symmetrically with the illuminated surface. The spatial distribution of the charged LDES defines two interrelated geometric boundaries: b (the lateral distance between surface crystallites, where NS = b-2 represents surface concentration) and b0 (the distance between bulk crystallites, where NV = b0-3 represents volume concentration). This spatial profile forms two concentric squares (b02 nested inside b2, where b > b0, see Figure 3), yielding an effective contact field volume of R·b02.
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Figure 3. Formation of the contact field of the nanoheterojunction Si:PbX.
To evaluate these structural dependencies, we introduce the following dimensionless scaling coefficients:
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By equating the electrostatically derived relationships for the maximum field strength E0 (Eq. 3a/3b vs. Eq. 4a/4b), we solve explicitly for the absolute number of transferred equilibrium electrons (N):
	
.
	(6)


Eq. (6) demonstrates that the equilibrium electron transfer metric (N) is explicitly governed by the intrinsic material properties (FSi, FPbX, ε*) and the nanoscale structural geometry (a, α, k, z). Assuming these boundary conditions are known a priori, calculating N allows for the analytical determination of all secondary contact field parameters:
· N(φ0): The quantitative electron transition count from Si to PbX.
· E0(φ0): The maximum amplitude of the electric field vector.
· q(N(φ0)): The total accumulated net charge on the nanocrystal face (a2).
· R(N(φ0)): The precise depletion width/space-charge depth within the silicon substrate.
· F: The final, uniform equilibrium Fermi level across the heterojunction.
Result and discussion
Parametric Analysis of the Nanoheterojunction Profile
The quantitative determination of the electron transfer value N via Eq. (6) provides a foundation for isolating the localized electrophysical properties of a single nanoheterojunction on the technical silicon substrate. Evaluating N enables the explicit mapping of the following architectural parameters:
· Depletion Width (R): The precise boundary layer depth within the silicon substrate, written as R = α·b0.
· Nanocrystal Surface Charge (q): Assuming an ultra-thin atomic profile (a >> d) across 1-2 monolayers, the system fits the Gauss model for an infinitely thin, uniformly charged plane, yielding q(N, a2) = e·N.
· 
Internal Field Strength (EPbX): The electrical field induced directly within the PbX cluster, defined by .
· 
Potential Profile (φ0): The stable contact potential difference governed by .
· Equilibrium Fermi Level (F): The steady-state chemical potential across the interface, expressed as a function of the charge distribution, F = f(q·φ0).
It is worth noting that the calculated maximum contact field strength (E0 ≈ 105 to 106 V/m) within these discrete nanoheterojunctions is highly comparable to—and in some configurations exceeds—the internal built-in electric field of a standard macroscopic monocrystalline silicon p-n junction, which typically operates in the range of 105 V/m. Achieving an electric field magnitude of this order is remarkable given that it is sustained across an inexpensive, highly defective, non-crystalline industrial silicon substrate. In a traditional bulk cell, such high defect densities would induce massive carrier recombination, collapsing the internal field. Here, by localizing the field at the nanometer scale (4 to 35 nm) via self-organized quantum-confined phase boundaries, the system maintains a robust drift field for efficient electron-hole separation while bypassing the strict requirement for high-purity, single-crystal manufacturing.
Evaluating the mathematical limits of Eq. (6) allows us to optimize the operational limits of N relative to structural and dielectric fluctuations (ε, φ0, b0, а2). Under typical laboratory self-organization parameters, several key physical trends emerge:
1. Junction Density Scaling. Depending on the thermal growth conditions and the specific structural matrices (ε, φ0, b0, а2), the superficial allocation of these active parallel nanoheterojunctions can scale up to a high density of 1014 m-2.
2. Fermi Level Windows. Due to the narrow-bandgap configuration of the chosen lead chalcogenides and the underlying silicon substrate, the contact potential difference (φ0) varies within a highly confined range, from a minimum of 0.05 eV to a maximum peak of 0.25 eV.
3. Nanoinclusion Geometry. Under controlled high-vacuum, high-temperature epitaxial growth states, the self-organized PbX clusters display highly uniform lateral development, reliably stabilizing at a linear size (a) of approximately 10 nm.
4. Substrate Crystallite Boundaries. The structural domain size of the native silicon nanocrystallites (b0, tracked along the electric field vector) closely tracks the dimensions of the resting PbX nanoinclusions, yielding a physical thickness range up to a maximum of 20 nm.
Conclusions
In summary, this study demonstrates that the proposed Si:PbX nanoheterojunction operates simultaneously as a localized p-n junction, a distinct heterojunction, and a low-dimensional nanoscale structure. The junction is characterized by two fixed, oppositely charged regions that establish a robust internal contact field, with both the p- and n-zones confined to nanometer dimensions. Efficient, macro-scale carrier extraction from this dense network of surface nanoheterostructures is successfully mediated by highly conductive carbon nanotube or graphene mesh top-coatings. The innovative pairing of low-dimensional crystalline lead chalcogenides with an inexpensive, highly defective, non-crystalline technical silicon substrate represents a paradigm shift in photovoltaic design. By capitalizing on the unique quantum-confinement and electrophysical properties of PbX nanoinclusions alongside the structural characteristics of native silicon nanocrystallites, a highly efficient separating contact is successfully realized on an otherwise low-grade substrate. Ultimately, these multi-nanoheterojunction solar cells define a promising new class of third-generation photovoltaic devices that bypass the performance and economic bottlenecks of traditional single-crystal manufacturing. This work successfully established the fundamental structural dependencies governing device efficiency, mapped the analytical model describing the thermodynamic self-organization of the Si:PbX contact field, and quantified the exact equilibrium electron transfer (N) required to sustain charge separation.
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