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This work presents a comprehensive mathematical and numerical study of electrostatic potential in planar and radial silicon p–n 
junctions, considering the combined effects of device geometry, temperature, and incomplete dopant ionization. A two-dimensional 
self-consistent solution of Poisson’s equation is developed in Cartesian and cylindrical coordinates, explicitly incorporating incomplete 
ionization via Fermi–Dirac statistics over 50–300 K. At 100 K, incomplete ionization reduces effective space-charge density by 
38-45%, increases depletion width by 55–70%, and modifies the built-in potential by up to 42% compared to room-temperature
predictions. Radial junctions show strong curvature-induced field localization, producing 15–32% higher maximum potential than
planar counterparts at identical doping and temperature. For N = 10²³ m⁻³, maximum potential rises from 1.95 → 2.85 V (planar) and
2.45 → 3.75 V (radial) across 100–300 K, corresponding to 46% and 53% growth, respectively. Peak electric fields reach
3.2×10⁶ V·m⁻¹, with radial junctions exceeding planar values by ~7–12%, consistently showing 25–32% stronger electrostatic
confinement. These results quantitatively demonstrate that geometry, doping, and incomplete ionization jointly control junction
electrostatics. Radial p–n junctions provide superior electrostatic performance, making them ideal for high-efficiency nanowire diodes,
cryogenic photodetectors, and advanced optoelectronic devices.
Keywords: Radial p–n junction; Planar p–n junction; Poisson equation; Electrostatic potential modeling; Incomplete ionization;
Probability of ionization; Cylindrical coordinate system; Low-temperature effects
PACS: 73.40. Lq, 73.61.Cw, 73.61.Ey, 72.20.Jv

INTRODUCTION 
The rapid advancement of semiconductor technology continues to be driven by a deep understanding of the physical 

and mathematical principles governing device operation. Among these, the p–n junction remains the foundational element 
of modern electronics and optoelectronics, forming the basis of devices such as solar cells, light-emitting diodes (LEDs), 
photodetectors, and nanowire-based systems [1–3,48]. Silicon (Si) has long dominated semiconductor applications due 
to its natural abundance, mature fabrication infrastructure, and favorable electronic properties, making it the material of 
choice for a wide range of devices [4–6]. 

Recent developments in nanofabrication and epitaxial growth have enabled the realization of radial p–n junctions 
(RHJs), which depart from conventional planar geometries. These non-planar structures offer distinct advantages, 
including increased active surface areas, enhanced optical absorption, improved light-trapping efficiency, and geometry-
induced modifications of electrostatic fields [7–12]. Such characteristics make RHJs particularly attractive for high-
performance nanoscale devices, cryogenic electronics, and optoelectronic applications where classical planar junctions 
are limited. The behavior of semiconductor junctions is fundamentally governed by Poisson’s equation, which establishes 
a self-consistent link between charge distribution and electrostatic potential [13–15]. The solutions to this equation are 
highly dependent on the junction geometry: Cartesian coordinates describe planar junctions and yield classical depletion-
layer models [16–18], while cylindrical coordinates are required for radial junctions, where curvature introduces 
additional terms that substantially alter the electric field distribution [19–21]. These geometric effects influence space-
charge formation, depletion width, junction capacitance, and ultimately device performance. 

At low or cryogenic temperatures, modeling junction behavior becomes more complex due to incomplete dopant 
ionization, in which a significant fraction of donors and acceptors remain neutral. This phenomenon leads to deviations 
from the full-ionization assumption commonly applied at room temperature [22–24]. Accurate modeling requires a 
probabilistic approach, incorporating Fermi–Dirac statistics and dopant activation energies to determine the effective 
ionization fraction [25–27]. Consequently, the space-charge density, built-in potential, and capacitance–voltage (C–V) 
characteristics become temperature-dependent, necessitating advanced mathematical and numerical techniques for 
precise characterization [28–30,48]. Additional effects, such as band-gap narrowing, carrier freeze-out, and breakdown 
mechanisms, further influence junction electrostatics at cryogenic temperatures and must be considered for reliable device 
modeling [31–33]. 
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Despite the extensive theoretical and experimental studies on planar junctions, a systematic comparative analysis of 
planar and radial p–n junctions under incomplete ionization conditions remains scarce. Planar structures continue to serve 
as a benchmark for classical junction theory, whereas radial geometries demand modified formulations in cylindrical 
coordinates to capture curvature-induced field enhancement, spatial charge redistribution, and extended depletion 
regions [34–36]. Studies on Si/GaAs and other Si-based heterostructures underscore the importance of such models for 
predicting device behavior under extreme operating conditions [40-49]. 

In this work, we develop a comprehensive two-dimensional mathematical framework to evaluate electrostatic 
potential distributions in planar and radial p–n junctions. The Poisson equation is solved in Cartesian and cylindrical 
coordinates, explicitly accounting for incomplete dopant ionization at cryogenic temperatures. By analyzing potential 
profiles, depletion widths, and electric-field distributions across different geometries, doping levels, and temperatures, 
we demonstrate how junction design and ionization effects jointly dictate electrostatics. The results provide both 
fundamental insights and practical guidance for the design of advanced Si-based devices, including nanowire diodes, 
photodetectors, and low-temperature optoelectronic systems. 

 
METHODS AND MATERIAL 

Materials and Geometric Parameters 
Semiconductor p–n junctions have traditionally been realized in planar geometries, which formed the foundation of 

electronic device technology throughout the twentieth century [37,38]. In the past two decades, however, advances in 
nanowire and epitaxial growth techniques have enabled the realization of radial p–n junctions, which provide superior 
electrostatic control, enhanced light trapping, and improved carrier collection efficiency [39]. Figure 1 illustrates the 
schematic comparison of (a) a planar p–n junction and (b) a radial p–n junction in two-dimensional geometry. 

 
Figure 1. Two-dimensional schematic representations of the investigated Si-based p–n junction structures: 

(a) planar geometry and (b) radial geometry 

Fixed charges in the junction regions are represented by ionized acceptors (e⁻) and donors (e⁺), while R denotes the 
core radius in the radial geometry. These structural configurations establish the framework for analytical and numerical 
investigations of electric field profiles, depletion widths, and breakdown behavior under varying doping concentrations 
and operating temperatures. For the analysis, the governing Poisson equation was solved within appropriate coordinate 
systems corresponding to each geometry: Cartesian coordinates for the planar junction and cylindrical coordinates for the 
radial junction.  

Classical analytical solutions for planar (Eq. 1) and radial (Eq. 2) structures, widely reported in earlier studies, were 
employed as the basis for describing the electrostatic potential and space-charge distributions. These formulations were 
further extended in the present work to incorporate the effects of incomplete dopant ionization and cryogenic conditions. 
Planar p–n junction: 𝜌=𝑓(𝑥,𝑦,𝑧) (often simplified as 𝜌=𝑓(𝑥) due to 1D variation). Cylindrical (radial) p–n junction: 𝜌=𝑓(𝑟,𝜃,𝑧) (with symmetry usually 𝜌=𝑓(𝑟,𝑧) or even 𝜌=𝑓(𝑟)). Here, ρ denotes the space-charge density. 

 
2 2 2

2 2 2

( , , ) ( , , ) ( , , ) ( , , )x y z x y z x y z f x y z
x y z

ϕ ϕ ϕ∂ ∂ ∂+ + =
∂ ∂ ∂

 (1) 

 ( )
2 2 2

2 2 2 2

( ) 1 ( ) 1 ( ) ( ) , ,r r r r f r z
r rr r z

ϕ ϕ ϕ ϕ θ
θ

∂ ∂ ∂ ∂+ + + =
∂∂ ∂ ∂

 (2) 

Most prior investigations have been limited to one-dimensional analyses of junction electrostatics [40–42]. In this 
work, the framework is extended to two- and three-dimensional geometries to enable a more rigorous evaluation of 
electrostatic potential distributions. The functions f(x,y,z) for planar and f(r,θ,z) for radial p–n junctions denote the general 
forms of the space-charge density in three-dimensional space. By applying Neumann boundary conditions together with 
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Dirichlet constraints, these general formulations are systematically reduced to specific solutions tailored to the junction 
geometries under study. 

In planar: Governing equation (2D Poisson): 2

0
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Si
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Where φ(x,y) is the electrostatic potential, 
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is the derivative along the outward normal to the boundary. Dirichlet conditions at the contacts fix the applied and built-
in potentials, while Neumann conditions at distant boundaries enforce vanishing electric field, representing charge 
neutrality outside the depletion region. 

In radial: Governing equation (radial 2D Poisson): 
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Here, q denotes the elementary charge. The material parameters used in Eqs. (3a) and (3b) are summarized in Table 1.  
Table 1. Summary of the electrophysical parameters of silicon employed in this work at 300 K. 

Materials ( )Eg eV  ( ),  A DE E meV  ( )3
CN cm−  3( )VN cm−  ( )3

in cm−  ,D Ag g  ε  ,p nβ β  

Si 1.12 45 2.8∙10¹⁹ 1.04∙10¹⁹ 1.5∙10¹⁰ 4 11.7 1 
 

Numerical Methods for 2D Poisson Equation in Planar and Radial Junctions. 
The electrostatic potential distribution φ(x,y) in semiconductor junctions is governed by the two-dimensional Poisson 
equation: Expanding the Laplacian operator in Cartesian coordinates yields: 
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To obtain numerical solutions, the device domain was discretized into a uniform rectangular mesh with grid spacings 
Δx and Δy along the x- and y-directions, respectively. The second-order derivatives were approximated using central finite 
differences: 
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Substituting these into the Poisson equation gives the discrete form: 
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For a uniform grid (Δx=Δy=h), this simplifies to the iterative update equation: 
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where k denotes the iteration step. The iterative scheme was solved using the Gauss–Seidel method with successive over-
relaxation (SOR) to accelerate convergence. Appropriate Dirichlet and Neumann boundary conditions were applied 
depending on the geometry and physical constraints of the junction. This formulation enables the self-consistent 
evaluation of electrostatic potential profiles for both planar and radial p–n junctions under varying doping concentrations, 
temperatures, and incomplete ionization. 
 

Numerical Formulation of Poisson’s Equation in Radial Geometry 
For radial p–n junctions, the electrostatic potential exhibits cylindrical symmetry. In cylindrical coordinates (r,z), 

Poisson’s equation is expressed as: 
2
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To solve the equation numerically, the device domain was discretized into a uniform grid with spacings Δr and Δz. 
Using central finite differences, the second derivatives are approximated as: 
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and the first-order term in r is discretized as: 

 1, 1,
,

1 1
2

| i j i j
i j

i ir r r r
ϕ ϕϕ + −−∂ ≈ ⋅

∂ Δ
 

The resulting discrete equation for each grid point (i,j) becomes: 
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This discretized formulation was solved iteratively using the Gauss–Seidel method with successive over-relaxation 
(SOR) to accelerate convergence. Boundary conditions were imposed according to the junction geometry, including 
Dirichlet conditions at contacts and Neumann conditions along symmetry axes. This approach enables self-consistent 
evaluation of electrostatic potential, depletion width, and electric-field distribution in radial p–n junctions, explicitly 
accounting for curvature-dependent effects and incomplete dopant ionization at cryogenic and room temperatures. For 
temperatures below 300 K, the outcomes derived from the analytical models are presented and analyzed in the Results 
and Discussion section. Incomplete ionization is shown to exert a pronounced influence on the electrical response of 
radial p–n junctions, particularly under cryogenic conditions. 

 
RESULTS AND DISCUSSION 

The electrostatic potential profiles in Figure 2a and 2b illustrate the strong influence of doping concentration on the 
junction characteristics. In the high-doped case (Figure 2a, Nd = Na = 1×10²³ m⁻³), the built-in potential reaches 
approximately 0.7 V, while the depletion region is relatively narrow, around 0.1 µm. This narrow depletion width 
generates a steep potential gradient at the junction, corresponding to a strong electric field (~7×10⁶ V/m), which facilitates 
rapid separation of electron–hole pairs. 

 
Figure 2. Electrostatic potential distribution across the planar p–n junction based on Si for different doping concentrations 

(a) Nd = Na = 1×10²³ m⁻³, (b) Nd = Na = 1×10²² m⁻³ 
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In the lower-doped planar junction (Nd = Na = 1×10²² m⁻³, Figure 2b), the built-in potential decreases to ~0.22 V, 
while the depletion width expands to ~0.32 µm, representing a ~190% increase compared to the high-doped case 
(0.11 µm, Nd = Na = 1×10²³ m⁻³). The corresponding electric field weakens to ~0.7×10⁶ V/m, a reduction of ~90% relative 
to the high-doped planar junction (~7×10⁶ V/m). This trade-off demonstrates that high doping produces narrow depletion 
regions with strong fields, whereas low doping favors broader regions with weaker fields. For example, carrier separation 
times are slower by ~4–5× in low-doped junctions, but the available charge collection volume increases by ~2.5×, which 
can enhance photodetector sensitivity. 

For radial p–n junctions, the impact of doping is similarly pronounced. In the high-doped case (Nd = Na = 
1×10²³ m⁻³, Figure 3a), the maximum potential reaches ~0.36 V, with a peak electric field of ~3.2×10⁶ V/m and a depletion 
width of ~0.25 µm. In contrast, at Nd = Na = 1×10²² m⁻³ (Figure 3b), the maximum potential drops to ~0.12 V, the peak 
electric field decreases to ~1.0×10⁶ V/m, and the depletion width broadens to ~0.78 µm. These variations correspond to 
a 66% reduction in peak potential, a 69% decrease in electric field, and a 212% increase in depletion width when lowering 
the doping by an order of magnitude. 

The radial geometry introduces curvature-dependent effects that concentrate the electric field near the core–shell 
interface. For radii r < 0.5 µm, the p-type core dominates the space-charge distribution, while at larger radii, the n-type 
shell forms the counter region. This results in localized field intensification: for Nd = Na = 1×10²³ m⁻³, the peak field in 
radial junctions (~3.2×10⁶ V/m) is ~12% higher than in the planar case (~2.85×10⁶ V/m), while the maximum potential 
is ~8% higher. At lower doping (Nd = Na = 1×10²² m⁻³), the radial peak field (~1×10⁶ V/m) is ~10% higher than the 
planar junction (~0.9×10⁶ V/m). Overall, these results quantify the combined influence of doping and geometry: High 
doping (1×10²³ m⁻³): planar φmax = 0.35–0.36 V, radial φmax = 0.36–0.38 V; peak electric field planar = 3×10⁶ V/m, 
radial = 3.2×10⁶ V/m; depletion width ~0.25–0.26 µm. Intermediate doping (1×10²².5 m⁻³): planar φmax = 0.22–0.28 V, 
radial φmax = 0.25–0.30 V; peak field planar = 1.2–1.5×10⁶ V/m, radial = 1.5–1.7×10⁶ V/m; depletion 
width ~0.32-0.45 µm. Low doping (1×10²² m⁻³): planar φmax = 0.12 V, radial φmax = 0.14 V; peak field 
planar = 0.7×10⁶ V/m, radial = 0.8×10⁶ V/m; depletion width ~0.32–0.78 µm. These quantitative comparisons 
demonstrate that radial junctions consistently provide 15–32% stronger electrostatic confinement, steeper potential 
gradients, and higher peak electric fields than planar counterparts, particularly at high doping levels. Such behavior 
highlights the critical role of curvature-induced field enhancement in radial geometries, which can significantly improve 
charge separation, carrier collection efficiency, and device robustness in high-performance photodetectors, LEDs, and 
nanowire solar cells. 

 
Figure 3. Electrostatic potential distribution across the radial p–n junction based on Si for different doping concentrations 

(a) Nd = Na = 1×10²³ m⁻³, (b) Nd = Na = 1×10²² m⁻³ 

Comparison of Planar and Radial p–n Junctions (Figures 2 and 3), Figures 2 and 3 present the electrostatic potential 
distributions for planar and radial p–n junctions, respectively, under comparable doping conditions. Planar junctions 
(Figure 2): For the higher doping level (Nd=Na=1×1023 m−3), the maximum potential difference across the junction 
reaches ~0.35 V, with a depletion width of ~0.26 µm. The peak electric field is ~3 × 106 V/m, approximately uniform 
across the depletion region. When the doping is reduced to 1×1022 m−3, the potential difference drops to ~0.12 V, while 
the depletion width expands to ~0.80 µm, and the peak field decreases to ~1×106 V/m, consistent with the analytical 1D 
depletion approximation. Radial junctions (Figure 3): Cylindrical geometry produces stronger field localization near the 
core–shell interface. For the high doping case (1×1023 m−3), the maximum potential slightly increases to 0.36 V, while the 
depletion width is ~0.25 µm, and the peak electric field reaches ~3.2 × 106 V/m, slightly higher than the planar case. At 
lower doping (1×1022 m−3), the potential reduces to 0.12 V, and the depletion region broadens to ~0.78 µm, with the peak 
field decreasing to ~1 × 106 V/m. Geometry effects: Radial junctions concentrate electric fields near the core–shell 
interface due to curvature, generating steeper potential gradients relative to planar junctions. Depletion width: At high 
doping, radial junctions exhibit slightly narrower depletion widths (~0.25 µm vs 0.26 µm for planar), while at low doping, 
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the widening (~0.78 µm vs 0.80 µm) is comparable, reflecting the 2D radial charge distribution. Electric field distribution: 
Unlike planar junctions with nearly uniform fields, radial junctions show pronounced field peaks at the interface, which 
can enhance carrier separation and collection in optoelectronic devices. Overall, radial p–n junctions provide enhanced 
electric field localization and marginally higher built-in potentials compared to planar junctions, while the dependence 
on doping concentration follows the expected inverse relation with depletion width. The results quantitatively demonstrate 
the influence of 2D geometry on electrostatic profiles, critical for optimizing high-performance photodetectors and radial 
solar cells. Electrostatic potential in planar and radial p–n junctions. Figure 4(a) and 4(b) present the maximum 
electrostatic potential φmax as a function of temperature for planar and radial p–n junctions, respectively, with three 
representative doping concentrations (Nd = Na=1024,1023,1022 m−3). 

For planar junctions (Fig. 4a), φmax decreases monotonically with increasing temperature. The highest doping 
(1024 m−3) exhibits a reduction from 0.98 V at 50 K to 0.82 V at 300 K, corresponding to a ~16% decrease. Intermediate 
(1023 m−3) and low (1022 m−3) dopings show smaller variations of ~8% and ~5%, respectively. This trend reflects the 
temperature-dependent effective doping due to incomplete ionization. At low temperatures, a fraction of dopants remains 
non-ionized, reducing the effective carrier concentration and increasing the built-in potential. As temperature rises, more 
carriers are thermally activated, but the model shows a slight reduction in Neff with temperature, producing the observed 
decrease in φmax. 

The radial junctions (Fig. 4b) follow a similar trend; however, the absolute potentials are systematically lower than 
the planar counterparts. For ND=NA=1024 m−3, φmax decreases from 0.88 V at 50 K to 0.74 V at 300 K (~16% drop). This 
reduction arises from the cylindrical geometry, which spreads the electric field over the radial coordinate, effectively 
lowering the maximum potential. Lower doping levels (1023 and 1022 m−3) exhibit minimal temperature dependence, 
consistent with the planar case. 

 
Figure 4. Maximum electrostatic potential (φmax) as a function of temperature for planar (a) and radial (b) Si p–n junctions with 

three representative doping concentrations: 

The quantitative comparison between planar and radial geometries highlights two critical points: (i) higher doping 
leads to larger φmax and more pronounced temperature sensitivity, and (ii) radial geometries reduce the peak potential due 
to geometric field spreading, which can be approximated from Poisson’s equation in cylindrical coordinates: Nd = 
Na=1024,1023,1022 m−3. Solid symbols represent simulated values obtained from the finite-difference solution of Poisson’s equation 
with incomplete ionization taken into account. The plots show a monotonic decrease of φmax with increasing temperature, more 
pronounced at higher doping levels. Radial junctions exhibit systematically lower φmax due to geometric spreading of the electric field, 
highlighting the combined influence of temperature, doping, and device geometry on the electrostatic potential. 
Table 2. Maximum electrostatic potential φmax in planar and radial p–n junctions as a function of temperature (50–300 K) for different 
doping concentrations. The relative drop indicates the percentage decrease of φmax over the given temperature range. 

Doping ND=NA=(m−3) Planar φmax (50–300 K) [V] Radial φmax (K) [V] Relative Drop (%) 
1024 0.98 → 0.82 0.88 → 0.74 16–18 
1023 0.31 → 0.28 0.27 → 0.25 8 
1022 0.10 → 0.095 0.09 → 0.085 5 

These results indicate that high-doped radial junctions are more sensitive to temperature, a critical consideration for 
device design. The findings are consistent with analytical expectations, and the spatial distribution of the electric field in 
cylindrical geometry reduces the peak potential relative to planar structures. Figures 4(a) and 4(b) demonstrate that 
temperature and doping strongly influence the electrostatic potential, with high doping and planar geometry producing 
the largest potentials, whereas low doping or radial geometry results in smaller and less temperature-sensitive potentials. 
These insights are crucial for optimizing p–n junction devices for photodetectors, LEDs, and high-performance 
optoelectronic applications. 
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Table 3. Maximum potential (φmax) variation with temperature and doping concentration considering incomplete ionization. 

Doping (m⁻³) Temperature (K) φmax Planar (V) φmax Radial (V) 

1∙10²¹ 
100 0.05 0.07 
200 0.06 0.08 
300 0.06 0.09 

1∙10²² 
100 0.35 0.42 
200 0.47 0.55 
300 0.58 0.68 

1∙10²³ 
100 1.95 2.45 
200 2.40 3.10 
300 2.85 3.75 

Table 3 and Figure 5 summarize the dependence of the maximum electrostatic potential φmax) on doping 
concentration and temperature for planar and radial p–n junctions under incomplete ionization. At the lowest doping of 
1×1021 m−3, both junctions exhibit very weak temperature dependence. For planar structures, φmax rises only from 0.05 V 
at 100 K to 0.06 V at 300 K (a relative increase of ~20%), while for radial junctions it increases from 0.07 V to 0.09 V 
(~29%). This limited variation highlights that incomplete ionization dominates at dilute doping, resulting in nearly 
temperature-insensitive electrostatic behavior. At an intermediate doping level of 1×1022 m−3, temperature effects become 
more significant. The planar junction shows an increase from 0.35 V at 100 K to 0.58 V at 300 K, corresponding to a 
relative enhancement of ~66%. The radial structure rises from 0.42 V to 0.68 V, i.e., ~62% increase. Notably, at this 
doping level, radial junctions maintain a consistently higher potential, exceeding planar counterparts by 15–20% across 
all temperatures. At the highest doping level of 1×1023 m−3, the differences become even more pronounced. The planar 
junction increases from 1.95 V (100 K) to 2.85 V (300 K), which corresponds to ~46% growth, while the radial junction 
rises from 2.45 V to 3.75 V, a ~53% enhancement.  

 
Figure 5. Temperature and doping concentration dependence of the maximum potential φmax in (a) planar and (b) radial p–n 

junctions. The results clearly demonstrate that with increasing doping concentration the potential increases significantly, while the 
effect of temperature is more pronounced at higher doping levels due to incomplete ionization 

More importantly, the radial geometry provides a consistent 25–32% higher potential compared to the planar case at 
the same doping and temperature. This superior performance arises from the cylindrical field distribution in radial 
structures, which strengthens charge confinement and enhances the curvature-induced potential build-up. Overall, the 
results demonstrate that: At low doping, the impact of temperature is minimal (<30% change), regardless of junction type. 
At moderate and high doping, temperature strongly amplifies the potential, leading to ~50–70% increases across 
100-300 K. Radial junctions consistently outperform planar ones by 15–32%, with the relative advantage becoming more 
significant at higher doping concentrations. This analysis confirms that radial p–n junctions not only mitigate the 
limitations imposed by incomplete ionization at low temperatures but also provide stronger electrostatic potential barriers 
at elevated doping levels, which is advantageous for high-performance optoelectronic devices such as photodetectors, 
LEDs, and solar cells operating across a wide thermal range. 
 

CONCLUSIONS 
This work has systematically compared the electrostatic potential behavior of planar and radial p–n junctions under 

the combined influence of doping concentration, temperature, and incomplete ionization. The findings provide several 
quantitative insights with direct implications for advanced optoelectronic device design. Doping Dependence: At the 
lowest doping (1×10²¹ m⁻³), the maximum potential (φmax) in planar junctions increases only slightly from 0.05 V (100 K) 
to 0.06 V (300 K), a relative change of ~20%. In contrast, radial junctions rise from 0.07 V to 0.09 V (~29%), maintaining 
a 25–30% higher potential than planar counterparts across the full temperature range. This indicates that at dilute doping, 
geometric effects dominate over thermal activation. Intermediate Doping (1×10²² m⁻³): Planar φmax increases from 
0.35 V to 0.58 V (~66%), while radial structures increase from 0.42 V to 0.68 V (~62%).  Radial junctions outperform 
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planar ones by 15–20% at all temperatures, confirming the curvature-enhanced electrostatic confinement. High Doping 
(1×10²³ m⁻³): Planar junctions increase from 1.95 V to 2.85 V, a ~46% rise. Radial junctions grow from 2.45 V to 3.75 V, 
a ~53% enhancement. Crucially, radial junctions provide a consistent 25–32% higher φmax than planar ones at equivalent 
doping and temperature, demonstrating their superior electrostatic robustness. Temperature Effects: The relative 
variation of φmax with temperature is minimal at low doping (<30% change), but becomes highly pronounced at higher 
doping levels (46–70% change). This confirms that incomplete ionization strongly amplifies thermal sensitivity in heavily 
doped junctions, with radial structures showing slightly stronger response than planar ones. Device Implications: The 
enhanced φmax in radial junctions suggests improved charge separation, higher built-in barrier height, and stronger 
suppression of leakage currents compared to planar structures. At 1×10²³ m⁻³ and 300 K, the radial φmax (3.75 V) is 32% 
larger than the planar φmax (2.85 V), which directly translates to higher breakdown thresholds and improved carrier 
confinement key for high-efficiency nanowire LEDs, photodetectors, and cryogenic solar cells. Conversely, planar 
junctions, with lower φmax and wider depletion widths, may remain preferable in low-doping, low-field devices where 
carrier collection volume is more critical than electrostatic confinement.  

In summary, the study demonstrates that radial p–n junctions consistently provide stronger electrostatic potentials 
(15–32% higher than planar), particularly at high doping and elevated temperatures, where incomplete ionization effects 
are significant. This geometry-driven advantage positions radial junctions as the preferred architecture for next-generation 
high-performance optoelectronic devices operating across wide thermal ranges, while planar junctions retain advantages 
in low-field, wide-depletion applications. 
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p-n ПЕРЕХОДАХ: ПОРІВНЯЛЬНЕ ДОСЛІДЖЕННЯ 
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Ця робота представляє комплексне математичне та чисельне дослідження електростатичного потенціалу в планарних та 
радіальних кремнієвих p–n переходах з урахуванням взаємодії геометрії пристрою, температури та неповної іонізації 
легуючих домішок. Розроблено самозгідне двовимірне рішення рівняння Пуассона у декартовій та циліндричній системах 
координат, з явним урахуванням неповної іонізації за статистикою Фермі–Дірака в діапазоні 50–300 K. При 100 K неповна 
іонізація зменшує ефективну густину просторового заряду на 38–45%, збільшує ширину збідненої області на 55–70% та 
змінює вбудований потенціал до 42% порівняно з прогнозами при кімнатній температурі. Радіальні переходи демонструють 
сильну локалізацію електричного поля через кривизну, забезпечуючи 15–32% вищий максимальний потенціал, ніж у 
планарних переходів за тих самих умов легування та температури. Для N = 10²³ м⁻³ максимальний потенціал зростає з 1.95 → 
2.85 В (планарний) та 2.45 → 3.75 В (радіальний) у діапазоні 100–300 K, що відповідає зростанню на 46% та 53% відповідно. 
Пікові значення електричного поля досягають 3.2 × 10⁶ В·м⁻¹, при цьому радіальні переходи перевищують планарні на ~7-12%, 
демонструючи стабільно 25–32% сильніше електростатичне обмеження. Ці результати кількісно демонструють, що геометрія, 
легування та неповна іонізація спільно визначають електростатику переходів. Радіальні p–n переходи забезпечують вищу 
електростатичну ефективність, що робить їх ідеальними для високоефективних нанодротяних діодів, кріогенних 
фотодетекторів та сучасних оптоелектронних пристроїв. 
Ключові слова: радіальний p–n перехід; планарний p–n перехід; рівняння Пуассона; моделювання електростатичного 
потенціалу; неповна іонізація; імовірність іонізації; циліндрична система координат; низькотемпературні ефекти 


