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The Fowler–Nordheim (FN) tunneling current in GaAs was systematically analyzed as a function of electric field (25–50 MV/cm) and 
temperature (250–400 K) to evaluate its potential for high-sensitivity structural temperature sensing. Two physical descriptions were 
considered: a constant electron effective mass model and a field-dependent effective mass formulation. For the constant-mass 
approximation, the FN tunneling threshold appears at approximately 25.2 MV/cm, where the current rises rapidly from ~10⁻¹² to 10⁻⁶ A/cm² 
with increasing electric field. When field-dependent effective mass effects are incorporated, the threshold shifts to ~28.6 MV/cm and 
intermediate-field currents are suppressed by nearly one order of magnitude. Temperature variation increases the FN prefactor by 
approximately 30–35%, indicating measurable thermal sensitivity, although the exponential dependence on electric field remains the 
dominant factor controlling tunneling transport. These characteristics demonstrate the feasibility of exploiting FN tunneling mechanisms 
for nanoscale temperature sensing in high-field semiconductor structures. In addition, a self-consistent FN tunneling framework was 
developed for a p-Si/n-GaAs heterostructure to evaluate numerical stability and predictive accuracy for temperature-dependent tunneling 
simulations. Two tunneling formulations were compared: a conventional simplified FN model and an effective-mass-corrected model. 
A comprehensive mesh convergence analysis using rectangular and triangular discretizations with spatial resolutions from 0.5 to 20 nm 
shows that coarse meshes can introduce errors up to 12%, whereas sub-nanometer meshing ensures convergence below 1%. The effective-
mass-corrected model consistently predicts 5–15% higher tunneling currents across the 0.5–3.0 V bias range, highlighting the importance 
of band-structure corrections for reliable sensor modeling. Furthermore, adaptive triangular meshes achieve comparable accuracy with up 
to 40% fewer elements, significantly improving computational efficiency. These results establish a robust numerical framework for 
simulating FN-based tunneling transport in semiconductor heterostructures and provide practical guidelines for mesh optimization in 
advanced TCAD studies. The proposed methodology supports the development of compact, high-sensitivity FN-based temperature sensors 
suitable for integration into nanoscale electronic, optoelectronic, and structural monitoring systems. 
Keywords: Fowler–Nordheim tunneling; GaAs; Temperature effects; Electric field; Effective mass; Tunneling current; Temperature 
sensor 
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INTRODUCTION 
Semiconductor heterostructures, particularly silicon/gallium arsenide (Si/GaAs) and porous silicon/n-CdS 

(pSi/nCdS) systems, have attracted considerable attention due to their remarkable electronic, optical, and thermal 
transport properties [1–4]. These materials enable a wide range of high-performance devices, including photodetectors, 
multi-junction solar cells, high-electron-mobility transistors (HEMTs), and increasingly, nanoscale temperature sensors 
[5–8]. Their advantages arise from tunable band structures, high carrier mobilities, and the possibility of engineering both 
planar and radial junction geometries, which allow precise control of carrier transport and thermally activated processes 
[9–12]. Among the transport mechanisms that influence device behavior under strong electric fields, Fowler–Nordheim 
(FN) tunneling plays an important role in determining current transport across heterointerfaces [13], making it particularly 
relevant for temperature-dependent sensing mechanisms [14–18]. 

Direct epitaxial growth of III–V semiconductors on silicon is typically limited by lattice mismatch, differences in 
thermal expansion coefficients, and high defect densities that degrade device performance. Mechanical stacking combined 
with wire bonding offers a practical strategy to overcome these constraints, enabling hybrid III–V/Si heterostructures with 
improved interface quality and enhanced electrical characteristics [19,20]. Such hybrid structures have been widely 
investigated in optoelectronic devices, including mechanically stacked GaInP/GaAs multi-junction systems integrated 
with silicon substrates, which demonstrate significant improvements in open-circuit voltage (Voc) and current density 
while minimizing dislocation formation and thermal strain [21–25]. These approaches also provide a flexible platform 
for developing heterostructure-based temperature sensors where thermal effects influence carrier injection and tunneling 
processes. 

The performance of tunneling-based sensing devices strongly depends on the electrical properties of the 
semiconductor layers, particularly doping concentration and carrier mobility. Previous studies on organometallic vapor-
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phase epitaxy (OMVPE) growth of highly doped p++ GaAs:Zn and n+GaAs:Si/Se layers have demonstrated that cycled 
growth techniques can significantly enhance carrier density and peak current density [26]. In particular, Si-doped n+ GaAs 
layers maintain high conductance under cyclic deposition conditions, whereas Se-doped layers exhibit noticeable 
degradation. These results highlight the importance of dopant selection and growth strategies for controlling tunneling 
transport in both planar and radial heterostructures, which is essential for stable and sensitive temperature sensor 
operation. 

In addition, epitaxial GaAs grown on Si(001) nanotip structures exhibits efficient strain relaxation primarily through 
misfit dislocations and twin boundaries, achieving nearly complete plastic relaxation even for nanoscale dimensions of 
approximately 50–100 nm [27–29]. Under optimized growth conditions, stacking faults remain relatively low, enabling 
efficient carrier transport across the heterointerface despite structural imperfections. These characteristics support the 
feasibility of modeling Si/GaAs heterojunctions for devices where temperature-dependent carrier transport mechanisms 
play a key role. 

Accurate modeling of Fowler–Nordheim tunneling in nanoscale heterostructures remains challenging due to strong 
local electric field variations at sub-nanometer length scales. Numerical simulations require carefully designed spatial 
discretization schemes, since coarse meshes may significantly underestimate tunneling currents, while fine or adaptive 
finite element method (FEM) meshes allow accurate resolution of local field enhancements near heterointerfaces [30–
32]. In addition to FN tunneling, other temperature-sensitive transport mechanisms—including Poole–Frenkel emission, 
trap-assisted tunneling (TAT), hopping conduction, Shockley–Read–Hall (SRH) recombination, and band-to-band 
tunneling (BTBT)—may contribute to current transport and influence sensor response, particularly in heterostructures 
where doping gradients and junction geometry modify the potential barrier profile [12,21,28]. 

Recent experimental studies on GaAs/Si heterostructures demonstrate efficient charge transport across the interface 
and confirm that the alignment of the GaAs valence band with silicon facilitates carrier transfer, while alternative materials 
such as GaP introduce larger barriers that limit transport efficiency [33–36]. These band alignment characteristics are also 
beneficial for temperature sensing applications, since thermally activated carrier transport across the heterointerface can 
be effectively modulated by changes in temperature. 

Motivated by these considerations, the present work investigates Fowler–Nordheim tunneling and temperature-
dependent transport mechanisms in planar Si/GaAs heterostructures to evaluate their suitability for nanoscale temperature 
sensing. Using self-consistent numerical simulations, we analyze the influence of electric field strength, temperature 
variation, doping concentration, and mesh resolution on tunneling current and electrostatic potential distribution. By 
combining quantum-mechanical tunneling models with adaptive finite element methods and temperature-dependent 
recombination mechanisms, this study establishes a reliable computational framework for analyzing heterostructure-based 
temperature sensors. The results obtained provide practical design guidelines for optimizing tunneling transport and 
improving the sensitivity, stability, and efficiency of semiconductor temperature-sensing devices. 

 
MATERIAL AND METHODS 

2.1 Materials and Geometrical Parameters 
Planar Si/GaAs heterostructures were investigated to evaluate Fowler–Nordheim (FN) tunneling–based temperature 

sensing in nanoscale semiconductor devices. The structure consists of a 1 μm GaAs epilayer grown on a 350 μm n-type 
Si substrate, forming a well-defined heterointerface suitable for high-field tunneling transport. The bandgaps of GaAs 
(1.42 eV) and Si (1.12 eV) provide complementary electronic properties that support efficient carrier transport and 
temperature-dependent tunneling behavior[37,38]. 

X-ray diffraction (XRD) analysis indicates a GaAs lattice constant of 0.565 ± 0.002 nm and an interfacial tilt of 
0.294°, confirming good crystallographic alignment. Atomic force microscopy (AFM) measurements show a root-mean-
square (RMS) roughness of 9.2 nm at the GaAs/Si interface. A thin native SiO₂ interfacial layer (2–5 nm) is incorporated 
to represent realistic device conditions and to define the tunneling barrier at the heterointerface. 

To enhance tunneling efficiency and sensor sensitivity, heavily doped layers were implemented, including p++ GaAs 
(Zn-doped) and n+ GaAs (Si-doped) grown using OMVPE-cycled deposition. High doping concentrations increase carrier 
density and strengthen the interfacial electric field, thereby promoting FN tunneling and improving the temperature-
dependent response of the device. 

The key material parameters and geometrical dimensions are summarized in Table 1. These properties determine 
the electrostatic potential distribution, tunneling barrier characteristics, and charge transport behavior within the 
heterostructure. A schematic representation of the device architecture is shown in Figure 1, illustrating layer thicknesses, 
doping profiles, oxide barrier, and electrical contacts used in the simulation framework for FN tunneling and temperature 
sensor analysis. 
Table 1. Materials and Geometrical Parameters of Planar Si/GaAs Heterostructure for FN Tunneling Simulations 

Layer / Feature Material / Composition Thickness / Dimension Doping (cm⁻³) Additional Notes 
Nano-scale Features 

Substrate Si (n-type) 350 μm 1×10¹⁵ 
High-quality single crystal; 
supports dual-bandgap 
operation 
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Layer / Feature Material / Composition Thickness / Dimension Doping (cm⁻³) Additional Notes 
Nano-scale Features 

Epitaxial layer GaAs (intrinsic/lightly 
doped) 1 μm ~1×10¹⁶ 

Bandgap 1.42 eV; lattice 
constant 0.565 ± 0.002 nm; 
planar geometry 

Native oxide 
interlayer SiO₂ 2–5 nm – 

Forms at GaAs/Si interface; 
included for tunneling barrier 
modeling 

p++ layer GaAs:Zn (OMVPE 
cycled) 50–100 nm ~1×10¹⁹ 

Optimized carrier density; 
enhances FN tunneling; cyclic 
growth reduces defects 

n+ layer GaAs:Si (OMVPE 
cycled) 50–100 nm ~1×10¹⁹ 

Stable conductance under 
cycled growth; reduces 
interface traps 

Interface tilt GaAs/Si 0.294° – Minimal lattice misalignment; 
characterized by XRD 

Surface roughness 
(RMS) GaAs/Si interface 9.2 nm – Nano-scale roughness included 

for realistic FN modeling 
Surface roughness 
(RMS) GaAs wafer control 0.7 nm – For comparison; low defect 

density 

Nanostructure 
features - 50–100 nm tip size – 

Misfit dislocations, twins, 
stacking faults; included in 
simulations for FN tunneling 

 
2.2 Numerical Methods 

The electronic transport and Fowler–Nordheim (FN) tunneling in planar Si/GaAs heterostructures were investigated 
using self-consistent Poisson–Schrödinger modeling within the numerical method, enabling accurate evaluation of 
quantum confinement, tunneling currents, and electrostatic potential distributions at the nanoscale. This approach resolves 
the coupled electrostatics and quantum states along the transport direction 𝑥, particularly at the GaAs/Si interface and 
across the thin interfacial oxide (~2–5 nm SiO₂). Poisson–Schrödinger Equations. The electrostatic potential 𝜑(𝑥) is 
governed by the Poisson equation (1): 
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where 𝜀(𝑥) is the position-dependent permittivity, 𝑝(𝑥) and 𝑛(𝑥)are hole and electron densities, and 𝑁஽ା, 𝑁஺ି are ionized 
dopant concentrations. Quantum confinement is captured by the Schrödinger equation along the transport direction (2): 
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where 𝜓௜(𝑥)are the eigenfunctions, 𝐸௜the corresponding eigenenergies, and ( ) ( ) ( )bandU x q x U xϕ= +  is the total potential 
including band offsets [39,40]. 

The electron and hole densities are then obtained from the occupation of these eigenstates, which feeds back into 
the Poisson equation for self-consistency. Numerical Solution. The equations were solved using the finite-element method 
(FEM) with adaptive mesh refinement: Mesh step: 0.2–0.5 nm at the GaAs/SiO₂/Si interface to resolve sharp potential 
variations; 5–10 nm in bulk regions. Boundary conditions: Top contact (p++ GaAs): Dirichlet (φ = 0 V, ohmic contact), 
Bottom contact (n-type Si): Dirichlet (φ = Ubias, ohmic contact), Lateral boundaries: Neumann (zero-flux, isolated device 
assumption), Wavefunctions: Dirichlet for confined states at the layer boundaries, ensuring eigenfunctions vanish outside 
the active region. The solution procedure was iterative: Initialize potential φ(x) based on the doping profile. Solve 
Schrödinger equation to obtain eigenenergies 𝐸௜ and wavefunctions 𝜓௜(𝑥). Compute carrier densities 𝑛(𝑥) and 𝑝(𝑥) from 
eigenstate occupation. Update the Poisson equation with the new φ(x). Repeat steps 2–4 until convergence criteria are 
satisfied: Residual current < 10⁻⁹ A. Change in potential < 10⁻⁵ V, Eigenenergy variation < 10⁻⁵ eV, The FN tunneling 
current density 𝐽FNwas computed using the WKB approximation: 
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Equation (3) constitutes a coupled quantum-transport formulation of Fowler–Nordheim (FN) tunneling in the 
Si/GaAs heterostructure. Specifically, Eq. (3a) evaluates the energy-dependent transmission probability 𝑇(𝐸) of charge 
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carriers tunneling through the nanoscale potential barrier 𝑉(𝑥) using the WKB approximation between the classical 
turning points 𝑥ଵ and 𝑥ଶ. Equation (3b) defines the corresponding Fowler–Nordheim current density 𝐽ிே, which depends 
quadratically on the local electric field 𝐹and exhibits an exponential dependence on the effective barrier height 𝜙and 
carrier effective mass 𝑚∗ [41,42]. Together, these expressions establish a direct link between the microscopic quantum 
tunneling process and the macroscopic current response, enabling accurate modeling of FN transport in nanoscale 
Si/GaAs tunnel junctions and highlighting the strong field sensitivity inherent to quantum-mechanical carrier transport. 
Here, 𝐹denotes the local electric field, φ is the tunneling barrier height, and 𝑥ଵ, 𝑥ଶ represent the classical turning points 
of the potential profile. In addition to FN tunneling, the model incorporates trap-assisted tunneling (TAT), Poole–Frenkel 
emission, Shockley–Read–Hall (SRH) recombination, Auger recombination, and band-to-band tunneling (BTBT) to 
account for defect-mediated conduction and temperature-dependent transport phenomena. These mechanisms are 
particularly significant at the GaAs/SiO2, interface and within the heavily doped 𝑝ାା/𝑛ା regions, here localized states 
and high electric fields strongly influence the overall device behavior.  

The numerical simulations provide the following physical outputs: Electrostatic potential distribution 𝜑(𝑥), 
Quantized energy levels 𝐸௜and corresponding eigenfunctions 𝜓௜(𝑥), Spatial carrier density profiles 𝑛(𝑥)and 𝑝(𝑥), 
Fowler–Nordheim tunneling current density 𝐽ிே, Temperature- and bias-dependent current–voltage (I–V) characteristics, 
This numerical framework, which combines self-consistent Poisson–Schrödinger coupling with boundary-aware finite-
element/finite-difference discretization, enables accurate prediction of quantum transport, tunneling currents, and 
electrostatic behavior in nanoscale Si/GaAs heterostructures. The approach provides critical design insights for high-
performance photodetectors and dual-bandgap photoelectrochemical (PEC) devices. The electron density is obtained from 

the quantum eigenstates as 2( ) ( ) ( )i i
i

n x x f Eψ= ⋅  and similarly for the hole density ( )2( ) ( ) 1 ( )i i
i

p x x f Eψ= ⋅ − , 

using the valence-band eigenstates. The transport direction is discretized using a non-uniform mesh. Ultra-fine spacing 
of 0.2–0.5 nm is employed near the GaAs/SiO2/Si heterointerface to accurately resolve steep potential gradients and 
tunneling barriers, while coarser spacing of 5–10 nm is used in bulk regions. Adaptive refinement is applied dynamically 
until both potential and carrier density gradients are fully resolved. 
Finite Difference Approximation: Second-order derivatives are approximated using the central difference scheme: 
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Poisson equation: Dirichlet boundary conditions are applied at the electrical contacts: ( ) 0,xϕ = ( ) biasx Vϕ = . Neumann 
(zero-flux) boundary conditions are imposed at the lateral edges to ensure no current flow across the boundaries. Dirichlet 
confinement conditions are applied: ( ) 0,xϕ = outside the active quantum region. This ensures proper carrier confinement 
within the quantum-active region of the heterostructure. Self-Consistent Iterative Procedure: The coupled Poisson–
Schrödinger system is solved self-consistently using the following iterative algorithm: Initialize the electrostatic potential 

0 ( )xϕ based on the doping profile. Solve the Schrödinger equation to obtain eigenvalues 𝐸௜(௞)and corresponding 
wavefunctions 𝜓௜(௞)(𝑥). Compute the carrier densities 𝑛(௞)(𝑥)and 𝑝(௞)(𝑥)from the eigenstates. Solve the Poisson equation 
to update the potential 1( )k xϕ + . ( 1) ( 5) ( 1) ( 5) 10 , 10  kk k k

i imax V max E E eVϕ ϕ+ − + −− <−< . Repeat steps 2–5 until full self-
consistency between quantum confinement and electrostatics is achieved. Mesh Convergence and Fowler–Nordheim (FN) 

Stability. The spatial mesh is iteratively refined until the variation in the FN tunneling current satisfies 
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Fine meshing is employed at heterointerfaces to accurately capture steep potential gradients, tunneling peaks, and local 
electric field enhancements. Here, ( ) ( )E x grad xϕ= −  represents the local electric field, ( )xϕ  is the tunneling barrier 
height, and x1,x2  are the classical turning points defining the FN tunneling region. 

 
RESULTS AND DISCUSSION 

The FN current in GaAs was analyzed for electric fields 25–50 MV/cm and temperatures 250–400 K, considering 
both constant and field-dependent electron effective masses. For constant mass, the FN threshold occurs at ~25.2 MV/cm, 
with current increasing from ~10⁻¹² to 10⁻⁶ A/cm². Field-dependent mass shifts the threshold to ~28.6 MV/cm, suppressing 
intermediate-field currents by nearly 10×. Temperature increases the FN prefactor by 30–35%, while the exponential field 
dependence dominates current transport. A self-consistent FN framework was applied to the pSi/nGaAs heterostructure. 
Mesh convergence was studied with rectangular and triangular meshes at steps 0.5–20 nm. Coarse meshes (5 nm) 
introduce up to 12% error, while sub-nanometer meshes (<1 nm) achieve <1% error, confirming convergence. Triangular 
adaptive meshes achieve the same accuracy with 25–40% fewer elements compared to rectangular meshes. Local field 
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resolution improves by 12–18%, increasing predicted FN currents by 7–10%, especially in regions of strong electric-field 
localization. The effective-mass-corrected FN model predicts 5–15% higher currents than the simplified model across 
0.5–3.0 V, highlighting the importance of including material-specific transport parameters. Mesh density, topology, field-
dependent mass, and temperature collectively determine tunneling predictions. Errors up to 3×10⁵ μA/m² from coarse 
meshes can significantly affect device design, including breakdown voltage and leakage current. Adaptive triangular 
meshing with <10 nm resolution ensures reliable FN simulations for high-performance tunneling transistors, 
photodetectors, and nanoscale optoelectronic devices. 

 
Figure 1. Fowler–Nordheim tunneling current vs. electric field and temperature in Si/GaAs; (a) constant meff (25.2 MV/cm), 

(b) field-dependent meff (28.6 MV/cm), showing suppressed intermediate-field current.  

Figures 1(a) and 1(b) depict the Fowler–Nordheim (FN) tunneling current density in Si/GaAs as a function of electric 
field (E) and temperature (T), considering (a) a constant effective mass and (b) a field-dependent effective mass. In both 
cases, the FN current exhibits a pronounced exponential increase with the electric field, consistent with classical tunneling 
theory. In the constant effective mass scenario (Figure 1a), the FN threshold field, defined as the field at which the current 
exceeds 10⁻¹² A/cm², is approximately 25.2 MV/cm. At this threshold, the current density rapidly increases from 
~10⁻¹² A/cm² to ~10⁻⁶ A/cm² as F rises to 35 MV/cm. Temperature has a secondary effect: increasing T from 250 K to 
400 K enhances the prefactor of the FN current by ~33%, reflecting the higher carrier energy at elevated temperatures. 
Below 25 MV/cm, the tunneling current remains negligible across the temperature range, confirming the dominance of 
the barrier-limited tunneling regime. 

When the effective mass is field-dependent (Figure 1b), the FN threshold shifts to 28.6 MV/cm, reflecting the 
reduced tunneling probability due to the heavier effective mass at higher fields. The current density at E = 35 MV/cm is 
~10⁻⁷ A/cm², roughly one order of magnitude lower than in the constant mass case. This indicates that neglecting the field 
dependence of the effective mass may significantly overestimate leakage currents in high-field applications. Temperature 
similarly enhances the prefactor but does not alter the exponential dependence on the electric field. 

These results quantitatively demonstrate that incorporating a field-dependent effective mass is critical for accurate 
prediction of FN tunneling in Si/GaAs devices. The shift in threshold and suppression of intermediate-field currents has 
direct implications for high-field electronic and optoelectronic devices, such as tunneling diodes, photodetectors, and 
breakdown-prone nanostructures. Specifically, accurate modeling ensures reliable estimation of leakage currents, 
breakdown voltages, and device lifetime, which are essential parameters for the design and optimization of high-
performance semiconductor components. 

In summary, the analysis highlights three key points: (i) FN tunneling is highly sensitive to the applied electric field, 
(ii) temperature modifies the prefactor, increasing currents by up to 30–35% over the studied range, and (iii) effective 
mass variation with field can suppress tunneling currents by up to an order of magnitude, underlining the importance of 
its inclusion in predictive device modeling. 

Figure 2 presents a quantitative investigation of mesh convergence of Fowler–Nordheim (FN) tunneling current 
density in the pSi/nGaAs heterostructure using two independent numerical approaches: the simplified FN formulation 
and the effective-mass-corrected FN model. For the simplified FN model (Fig. 2a), the computed tunneling current density 
exhibits a strong dependence on mesh step size for coarse discretizations. When the mesh step increases from 5 nm to 
200 nm, the current density decreases from approximately 1.02 × 10⁶ μA/m² to 0.71 × 10⁶ μA/m², representing a total 
reduction of 31.4%. The most pronounced deviation occurs between 80 nm and 200 nm, where the current drops by more 
than 18%, indicating that coarse meshes are unable to properly resolve the steep potential gradient that governs tunneling 
near the heterointerface. In contrast, once the mesh step is reduced below 20 nm, the current stabilizes rapidly. The relative 
variation between 10 nm and 5 nm is only 1.7%, while the change between 20 nm and 10 nm is 2.3%, clearly 
demonstrating numerical convergence. A similar but systematically higher trend is observed for the effective-mass-
corrected FN model (Fig. 2b). At 5 nm, the current density reaches approximately 1.08 × 10⁶ μA/m², while at 200 nm it 
decreases to 0.78 × 10⁶ μA/m², corresponding to a total reduction of 27.8%. Across the entire mesh range, the effective-
mass-corrected model predicts currents that are 6–8% higher than the simplified model, with a maximum deviation 
approaching 6.0 × 10⁴ μA/m² at fine discretization.  
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Figure 2. (a) Mesh convergence of FN tunneling current in pSi/nGaAs (simplified model). (b) Mesh convergence using effective-

mass correction 

These results confirm that FN tunneling in the pSi/nGaAs heterostructure is governed by electric-field variations 
confined within only a few nanometers of the interface. Coarse meshes effectively average the electrostatic potential over 
tens of nanometers, leading to underestimation of the local electric field by as much as 25–30%, which propagates directly 
into large errors in tunneling current prediction. The effective-mass-corrected model consistently yields higher current 
values because the modified transport properties increase tunneling probability inside the barrier. This clearly 
demonstrates that neglecting material-specific parameters can result in systematic underestimation of leakage current and 
inaccurate prediction of breakdown behavior in nanoscale heterostructures. The absolute difference between coarse and 
converged meshes reaches nearly 3.1 × 10⁵ μA/m², which is technologically significant for high-field devices such as 
tunnel diodes, avalanche photodiodes, and high-speed heterojunction transistors. In real device operation, such an error 
directly impacts predictions of: breakdown voltage, leakage current, power dissipation, and long-term reliability. These 
findings establish a strict modeling requirement: mesh resolution must be ≤ 10 nm for physically reliable self-consistent 
FN simulations of pSi/nGaAs heterostructures. This constraint becomes increasingly critical as device dimensions enter 
the deep-nanoscale regime. 

Beyond mesh density, the geometric structure of the mesh plays a decisive role in numerical accuracy. Two dominant 
meshing strategies are commonly employed in nanoscale device simulations: rectangular (structured) and triangular 
(unstructured) discretization. Rectangular meshes offer uniform control of spatial resolution and computational efficiency, 
but they are poorly suited for resolving curved interfaces, nonuniform depletion regions, and sharp electric-field gradients 
that naturally arise at the pSi/nGaAs heterointerface. As a result, rectangular meshes tend to smear peak electric fields, 
leading to systematic underestimation of tunneling probability. Triangular meshes, by contrast, enable adaptive refinement 
in regions of strong field localization. In high-field tunneling simulations, this refinement preserves steep field gradients 
over length scales of only 2–5 nm. Comparative simulations indicate that, for the same average mesh density, triangular 
meshing improves local field resolution by approximately 12–18%, which translates into a 7–10% increase in the 
predicted FN current density. For instance, when a coarse rectangular mesh of 40 nm is used near the heterointerface, the 
FN current is underestimated by approximately 2.4 × 10⁵ μA/m² relative to a refined triangular mesh with comparable 
computational cost. This error magnitude is of the same order as the total mesh-induced variation observed earlier and 
therefore cannot be neglected.  

Even a modest underestimation of the local electric field due to improper meshing can produce very large errors in 
the computed tunneling current. A field error of only 10% can result in current errors exceeding 25–35%, leading to 
incorrect conclusions regarding device breakdown voltage, leakage current, and optimal design parameters. 

The combined evidence from mesh density convergence and meshing strategy comparison demonstrates that both 
resolution and mesh topology must be carefully optimized. For reliable pSi/nGaAs tunneling simulations, these results 
strongly support the use of adaptive triangular meshing with local resolution better than 10 nm near the heterointerface. 
This requirement becomes increasingly important for advanced nanoscale devices where tunneling dominates carrier 
transport and where inaccurate field modeling directly compromises predictive capability and experimental correlation. 

 
CONCLUSIONS 

This work presents a comprehensive investigation of Fowler–Nordheim (FN) tunneling in GaAs and pSi/nGaAs 
heterostructures, combining advanced physical modeling with rigorous numerical analysis to evaluate their suitability for 
high-sensitivity temperature sensor applications. The tunneling characteristics were analyzed as functions of electric field 
and temperature using both constant and field-dependent electron effective mass models. The results indicate that the FN 
onset field increases from approximately 25.2 MV/cm for the constant-mass approximation to 28.6 MV/cm when field-
dependent effective mass effects are included, while tunneling currents in the intermediate-field region decrease by nearly 
one order of magnitude. Temperature variations in the range 250–400 K increase the FN prefactor by approximately 
30-35%, demonstrating clear thermal sensitivity of the tunneling current. This temperature-dependent behavior confirms 
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that FN tunneling mechanisms can be effectively exploited for nanoscale temperature sensing, where small thermal 
variations produce measurable changes in current. 

The numerical analysis further demonstrates that mesh resolution is a critical factor in accurately predicting 
tunneling currents and temperature-dependent transport behavior. A systematic convergence study across spatial 
discretizations from sub-nanometer to tens of nanometers shows that reliable results are obtained only when the mesh 
adequately resolves the strong electric-field gradients at the heterointerface. Reducing the mesh step from 5 nm to 0.5 nm 
decreases the relative error in tunneling current density from approximately 8–12% to below 1%, highlighting the 
necessity of nanoscale spatial resolution for reliable modeling of temperature-sensitive tunneling devices. 

Furthermore, adaptive triangular meshing schemes provide comparable accuracy to rectangular grids while using 
25–40% fewer elements, significantly improving computational efficiency for large-scale TCAD simulations. Across the 
applied bias range of 0.5–3.0 V, the effective-mass-corrected FN model predicts 5–15% higher tunneling currents than 
the simplified model, emphasizing the importance of incorporating band-structure effects when designing devices 
intended for precise thermal detection and monitoring. 

Overall, the results establish a robust and scalable simulation framework for analyzing FN tunneling in 
semiconductor heterostructures under varying thermal conditions. The combined consideration of field-dependent 
transport physics, temperature effects, and optimized numerical meshing provides important design insights for 
heterostructure-based temperature sensors with enhanced sensitivity, stability, and nanoscale integration capability. Such 
FN-based sensing platforms offer promising potential for on-chip thermal monitoring, nanoelectronic diagnostics, and 
advanced optoelectronic systems where accurate temperature detection is essential. 
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Тунельний струм Фаулера–Нордгейма (FN) у GaAs був систематично проаналізований як функція електричного поля 
(25-50 MV/см) та температури (250–400 K) з метою оцінки його потенціалу у високочутливих температурних сенсорах на 
основі структур. Було розглянуто два фізичні підходи: модель із сталою ефективною масою електрона та модель із ефективною 
масою, що залежить від електричного поля. Для наближення зі сталою масою поріг тунелювання FN виникає приблизно при 
25.2 MV/см, де струм швидко зростає від ~10⁻¹² до 10⁻⁶ A/см² зі збільшенням електричного поля. При врахуванні залежності 
ефективної маси від поля поріг зміщується до ~28.6 MV/см, а струми в області середніх полів зменшуються майже на один 
порядок. Зміна температури збільшує префактор FN приблизно на 30–35%, що свідчить про вимірювану температурну 
чутливість, хоча експоненціальна залежність від електричного поля залишається домінуючим фактором, який визначає 
поведінку тунельного струму. Отримані результати демонструють можливість використання механізму тунелювання Фаулера–
Нордгейма для наномасштабного температурного сенсування у напівпровідникових структурах із високими електричними 
полями. Крім того, було розроблено самозгоджену модель FN-тунелювання для гетероструктури p-Si/n-GaAs з метою оцінки 
чисельної стабільності та точності прогнозування температурозалежних тунельних процесів. Було проаналізовано дві моделі 
тунелювання: спрощену класичну модель FN та модель FN із корекцією ефективної маси. Комплексне дослідження збіжності 
сітки з використанням прямокутної та трикутної дискретизації зі spatial-кроком від 0.5 до 20 нм показало, що грубі сітки 
можуть спричиняти похибки до 12%, тоді як субнанометрова дискретизація забезпечує збіжність з похибкою менше 1%. 
Модель із корекцією ефективної маси передбачає стабільно на 5–15% вищі тунельні струми у діапазоні напруг 0.5–3.0 В, що 
підкреслює важливість урахування особливостей зонної структури для надійного моделювання сенсорів. Крім того, адаптивні 
трикутні сітки досягають еквівалентної точності за умови використання на 40% меншої кількості елементів, що значно 
підвищує обчислювальну ефективність. Отримані результати формують надійну чисельну основу для моделювання 
тунельного транспорту на основі FN-механізму в напівпровідникових гетероструктурах та надають практичні рекомендації 
щодо оптимізації сітки в сучасних TCAD-дослідженнях. Запропонована методологія сприяє розробці компактних 
високочутливих температурних сенсорів на основі FN-тунелювання, придатних для інтеграції у наномасштабні електронні, 
оптоелектронні та системи структурного моніторингу. 
Ключові слова: тунелювання Фаулера–Нордгейма; GaAs; температурні ефекти; електричне поле; ефективна маса; 
тунельний струм; температурний сенсор 
 




