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Incomplete dopant ionization plays a decisive role in determining the electrostatic behavior and capacitance characteristics of n-type β-
Ga₂O₃/p-type Si heterojunctions, particularly under cryogenic operating conditions. In this work, a comprehensive physics-based analytical 
framework incorporating temperature-dependent dopant activation, band alignment, carrier freeze-out, and mobility degradation is 
developed to investigate junction electrostatics over the 77–300 K range. The analysis reveals that incomplete ionization significantly 
modifies carrier distribution, depletion dynamics, and electric-field formation at low temperatures. For moderately doped structures (NA = 
ND = 4×10¹⁷ cm⁻³), freeze-out effects at 100 K reduce forward-bias capacitance by approximately 17%, increase depletion width by nearly 
0.10 µm, and suppress the peak electric field by about 0.5 MV/cm. In contrast, heavily doped junctions (NA = ND  = 1×10¹⁸ cm⁻³) exhibit 
comparatively weak temperature sensitivity, with electrostatic variations below 5% due to enhanced dopant activation stability. 
Temperature-dependent Cp–n(V) characteristics demonstrate gradual convergence toward full-ionization behavior above 250–300 K, 
confirming the transition from partial to near-complete dopant activation. Furthermore, the junction capacitance follows a hyperbolic 
voltage dependence (C ∝ 1/√ΔV), with strong capacitance compression observed under extreme forward bias. The presented results 
establish a quantitative understanding of freeze-out-controlled electrostatics in Si/β-Ga₂O₃ heterostructures and provide a predictive 
foundation for the optimization of cryogenic, high-frequency, and high-voltage ultra-wide-bandgap semiconductor devices. 
Keywords: n-type β-Ga₂O₃; p-Si heterojunction; Incomplete dopant ionization; Junction electrostatics; Capacitance–voltage 
profiling; Carrier freeze-out; Temperature-dependent transport; Cryogenic electronics 

INTRODUCTION 
Ultra-wide-bandgap (UWBG) semiconductors have emerged as key materials for next-generation electronic and 

optoelectronic technologies because of their large bandgap energy (Eg), high critical breakdown electric field (Ebr), high 
thermal conductivity (K), and strong thermal stability [1–4]. These properties enable reliable device operation under 
extreme voltages, high frequencies, elevated temperatures, and harsh radiation environments while suppressing leakage 
current and maintaining stable electrostatic performance [3,4]. Important device-related parameters such as depletion 
width (Wₚ₋ₙ), junction capacitance (Cₚ₋ₙ), peak electric field (Eₘₐₓ), carrier mobility (μ), and RC switching response 
strongly depend on these material characteristics. Among UWBG semiconductors, β-gallium oxide (β-Ga₂O₃) has 
attracted considerable attention owing to its ultra-wide bandgap of approximately 4.4–5.3 eV [5], which significantly 
suppresses intrinsic carrier generation (ni) and supports low off-state leakage current under high electric-field conditions. 
Combined with its high theoretical breakdown field [6–8], β-Ga₂O₃ is considered a promising platform for next-generation 
power electronics and ultraviolet optoelectronics. 

Beyond its intrinsic electronic advantages, β-Ga₂O₃ also offers several practical benefits for scalable device 
fabrication. Its thermodynamic stability and high melting temperature (Tₘ) enable operation over a broad temperature 
range, while the availability of large-area bulk substrates supports wafer-scale integration [9,10]. In addition, β-Ga₂O₃ is 
compatible with high-quality epitaxial growth methods, allowing precise control of donor concentration (ND), defect 
density (Nt), and interface quality [11]. The material also exhibits strong solar-blind ultraviolet optical absorption 
characterized by the absorption coefficient (α), making it highly suitable for deep-UV photodetection applications. These 
combined properties have motivated extensive research on β-Ga₂O₃-based high-voltage rectifiers [9–11], solar-blind 
ultraviolet photodetectors [12–15], Schottky barrier diodes [16,17], and high-power field-effect transistors [18–20], where 
high breakdown voltage, low capacitance, thermal robustness, and electrostatic stability are essential. 

Despite these advantages, β-Ga₂O₃ homojunction devices exhibit important limitations associated with incomplete 
dopant ionization. The relatively deep donor activation energy (ED) in β-Ga₂O₃ causes partial carrier freeze-out at low 

Cite as: D.A. Qalandarova, D.A. Saparbayeva, A.A. Medatov, G.T. Zaripov, M. Ziyayeva, S. Temirov, K.R. Sattarkulov, Sh. Saidova, East Eur. J. Phys. 
3, 505 (2026), https://doi.org/10.26565/2312-4334-2026-3-46 
© D.A. Qalandarova, D.A. Saparbayeva, A.A. Medatov, G.T. Zaripov, M. Ziyayeva, S. Temirov, K.R. Sattarkulov, Sh. Saidova, 2026; CC BY 4.0 license

https://doi.org/10.26565/2312-4334-2026-3-46
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/ISSN/2312-4334
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0005-5130-464X
https://orcid.org/0009-0004-9024-6879
https://orcid.org/0009-0007-6467-7503
https://orcid.org/0009-0001-4068-0130
https://orcid.org/0009-0006-1814-5963
https://orcid.org/0009-0003-4264-7136
https://orcid.org/0009-0006-7099-4145
https://orcid.org/0009-0001-5614-2089


506
EEJP. 3 (2026) D.A. Qalandarova, et al.

temperatures, reducing the free-electron concentration (n) and significantly modifying junction electrostatics [21–24]. As 
a consequence, the effective ionized donor concentration (ND⁺), depletion width (Wₚ₋ₙ), junction capacitance (Cₚ₋ₙ), built-
in potential (Vbi), and peak electric field (Eₘₐₓ) become strongly temperature dependent. These effects are particularly 
pronounced under cryogenic conditions, where incomplete ionization alters carrier transport and electric-field distribution 
within the junction region [25–28]. 

To overcome these limitations, heterojunction engineering using n-type β-Ga₂O₃ combined with well-established p-
type semiconductors such as silicon (Si) has emerged as an effective approach [29–32]. Silicon possesses a relatively 
narrow bandgap (Eg ≈ 1.12 eV), high crystalline quality, stable acceptor activation, and nearly complete dopant ionization 
even at low temperatures [33–36]. The acceptor concentration (NA⁻) in p-Si therefore remains comparatively stable, 
providing predictable electrostatic behavior and making Si an effective reference material for studying the temperature-
dependent characteristics of β-Ga₂O₃-based heterostructures. Furthermore, the relatively high hole mobility (μh) and 
mature fabrication technology of Si support stable carrier transport and reliable heterointerface formation. 

In n-β-Ga₂O₃/p-Si heterojunctions, incomplete donor ionization in β-Ga₂O₃ substantially influences electrostatic and 
dynamic device properties, including depletion width (Wₚ₋ₙ), junction capacitance (Cₚ₋ₙ), electric-field distribution, 
current density (J), and RC switching behavior [37–42]. At low temperatures, carrier freeze-out reduces the ionized dopant 
fraction, widens the depletion region, lowers junction capacitance, and decreases the peak electric field. These variations 
directly affect breakdown voltage, transient response, carrier transport efficiency, and frequency-dependent device 
operation [43–46]. Consequently, accurate inclusion of incomplete ionization effects is essential for predictive modeling 
and optimization of high-speed transistors [47–49], voltage-blocking power devices [50–52], solar-blind UV 
photodetectors [53–55], and cryogenic electronic systems [56–58]. In addition, understanding the relationship between 
temperature-dependent dopant activation and electrostatic field redistribution is critical for capacitance scaling, reliability 
enhancement, and thermal-performance optimization under extreme operating conditions. 

In this work, we present a systematic investigation of n-β-Ga₂O₃/p-Si heterojunctions through temperature-
dependent capacitance–voltage (C–V) and current–voltage (I–V) analysis integrated with physics-based electrostatic 
simulations. The study quantitatively evaluates the influence of incomplete dopant ionization on depletion width (Wₚ₋ₙ), 
junction capacitance (Cₚ₋ₙ), peak electric field (Eₘₐₓ), built-in potential (Vbi), and dynamic RC response over a broad 
temperature range, including cryogenic conditions. The obtained results clarify the role of carrier freeze-out in 
heterojunction electrostatics and establish a predictive framework for the design and optimization of UWBG-based power 
electronic and optoelectronic devices operating under extreme environments. 

 
MATERIAL AND METHODS 

In this study, we adopt a multiscale modeling strategy that bridges material-level and device-level simulations to 
examine p-Si / n-β-Ga₂O₃ heterojunctions over a temperature range from cryogenic (77 K) to room temperature (300 K). 
The approach explicitly accounts for temperature- and doping-dependent incomplete ionization, dopant activation energy 
variations, bandgap narrowing, and mobility degradation. By incorporating these factors, the framework enables precise 
prediction of carrier transport, junction electrostatics, and I–V characteristics, surpassing the limitations of conventional 
full-ionization assumptions [45–50]. 

 
2.1 Material Properties 

Table 1 and Figure 1 summarize the principal material parameters of Si and β-Ga₂O₃ relevant to high-voltage, solar-
blind, and extreme-environment device applications. The parameters include the bandgap energy (Eg), thermal 
conductivity (K), melting point (Tₘ), electron and hole mobility (μₑ and μₕ), and optical absorption coefficient (α). Here, 
Eg represents the energy separation between the valence and conduction bands, K denotes the material’s ability to 
dissipate heat, Tₘ corresponds to the melting temperature, μₑ and μₕ describe electron and hole transport capability, 
respectively, and α characterizes the optical absorption strength in the ultraviolet region. 

At 300 K, silicon (Eg ≈ 1.12 eV) exhibits a relatively narrow bandgap and nearly complete dopant ionization, 
resulting in a stable and well-defined hole concentration in the p-type region [51]. In contrast, β-Ga₂O₃ possesses an ultra-
wide bandgap of approximately 4.8 eV, which strongly suppresses intrinsic carrier generation and enables low-leakage 
operation under high electric fields and elevated temperatures. These material characteristics highlight the comparative 
advantages of β-Ga₂O₃ for high-power, solar-blind UV, and extreme-environment electronic and optoelectronic 
applications. The complementary electrical and optical characteristics of Si and β-Ga₂O₃ are key to heterojunction 
performance. Silicon provides high crystalline quality, excellent carrier mobility, and controllable p-type doping, enabling 
robust transport and electrostatic control. β-Ga₂O₃ serves as the UV-active layer with deep-UV transparency, moderate 
absorption, and high breakdown strength, allowing efficient photocarrier collection under high voltages [10,16–18]. 

The n-β-Ga₂O₃/p-Si heterojunction exhibits a stable depletion profile, asymmetric electric-field distribution, and low 
leakage currents, making it ideal for solar-blind photodetectors, high-voltage devices, and cryogenic-to-ambient 
electronics. As shown in the radar plot (Figure 1), Si offers high electron/hole mobility (~150 W m⁻¹ K⁻¹ thermal 
conductivity) and efficient heat dissipation, whereas β-Ga₂O₃’s ultra-wide bandgap (~4.8 eV) and high breakdown field 
favor UV sensitivity and high-voltage operation, though limited hole mobility and lower thermal conductivity 
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(~27 W m⁻¹ K⁻¹) constrain high-current performance. These contrasts highlight the necessity of incorporating 
temperature- and doping-dependent incomplete ionization in device modeling, as carrier freeze-out in β-Ga₂O₃ 
significantly impacts depletion width, junction capacitance, and electric-field distribution across 77–300 K. 

 
Figure 1. Normalized comparison of key material properties for Si and Ga₂O3 

Table 1. Material parameters for incomplete ionization modeling at 300 K [51]. 

Material Eg (eV) NC (cm⁻³) NV (cm⁻³) Ε me/m₀ mh/m₀ Ea (meV) 
Si 1.12 2.8×10¹9 1.042×10¹⁹ 11.7 0.26 0.4 45–50 
Ga₂O₃ 4.8 1.0×10¹⁸ 1.5×10¹⁹ 10.0 0.28 0.8 500–600 

 
2.2 Physical Models 

Incomplete ionization is explicitly modeled for Si and β-Ga₂O₃ to capture carrier dynamics from cryogenic to room 
temperature. Dopant ionization fractions are calculated using activation-energy-based models from literature 
[25,28,37,38]. Shallow Si donors remain nearly fully ionized over the entire range, while deep donors/acceptors in β-
Ga₂O₃ exhibit pronounced freeze-out below ~200 K, reducing free-carrier density, expanding depletion widths, and 
modifying junction electrostatics. 

Low-field carrier mobilities are described using the Arora model, accounting for impurity scattering at high doping 
and lattice scattering at elevated temperatures, accurately capturing mobility degradation from cryogenic to ambient 
conditions. Essential material parameters—including bandgap (Eg), conduction/valence band densities of states (NC, NV), 
relative permittivity (ε), electron/hole effective masses (me, mh), and donor/acceptor activation energies (Ea)—control 
incomplete ionization. These effects strongly dictate carrier distribution, electric-field profiles, and I–V behavior in Si/β-
Ga₂O₃ heterojunctions. Incorporating temperature- and doping-dependent ionization is therefore crucial for predictive 
modeling and the design of high-performance, thermally resilient devices across 77–300 K. 

 
2.3 Analytical and Numerical Modeling 

The p-Si/n-β-Ga₂O₃ heterojunctions were examined using a physics-based framework to capture the combined 
effects of band alignment [34,45], incomplete dopant ionization [34,46], temperature-dependent carrier mobility [34,47], 
and self-heating [34,48] over 77–400 K, for dopant concentrations ranging from 10¹⁵ to 10¹⁹ cm⁻³ [34,49]. Conventional 
models, including the Varshni equation [45], do not accurately capture the temperature-dependent bandgap behavior of 
ultra-wide-bandgap semiconductors such as β-Ga₂O₃. Therefore, the Pässler model [38] was adopted, as it incorporates 
nonlinear electron–phonon interactions and provides a more reliable description of bandgap evolution from cryogenic to 
elevated temperatures (Eq. 1). 

 ( ) (0) coth 1
2g g

B

E T E S
k T
ωω

   = − ⋅   ⋅ −  
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  (1) 

Temperature-dependent bandgaps were modeled using the Pässler formalism [38, Eq. 1], which accounts for 
nonlinear electron–phonon interactions and accurately describes bandgap shrinkage from cryogenic to elevated 
temperatures. Here, Eg(T) and Eg(0) denote the bandgap energies at temperature T and 0 K, respectively; α is the bandgap 
reduction coefficient; S represents the electron–phonon coupling factor; ⟨ħω⟩ is the average phonon energy; kB is the 
Boltzmann constant; and T is the absolute temperature. This is critical for simulating carrier freeze-out and predicting 
maximum electric fields (Emax) in ultra-wide-bandgap heterojunctions. Carrier transport was computed via self-consistent 
solutions of Poisson’s and electron/hole continuity equations [34,50], including SRH, Auger, and radiative recombination 
[34,51], along with temperature- and doping-dependent incomplete ionization [34,46] and mobility degradation via the 
Arora model [34,47]. The depletion width (Wp-n) governs junction electrostatics by controlling the space-charge 
distribution, potential drop, junction capacitance, and internal electric-field profile, directly affecting carrier transport, 
breakdown, and overall device performance. Junction electrostatics and carrier transport were further evaluated using a 
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1D self-consistent Poisson–carrier statistics model incorporating temperature- and doping-dependent incomplete 
ionization [41] (Eq. 2). This framework provides a predictive, physics-based approach for designing high-reliability p-
Si/n-β-Ga₂O₃ devices across 77–400 K. 
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In this model, ε denotes the material permittivity, and n and p represent the free electron and hole densities, 
respectively, computed using Fermi–Dirac statistics [28]. The vacuum permittivity is ε₀ = 8.85×10⁻¹² F·m⁻¹, and φ(x,y,z) 
is the electrostatic potential. The concentrations of ionized donors (ND⁺(T)) and acceptors (NA⁻(T)) are treated as 
temperature-dependent to explicitly capture incomplete ionization, enabling accurate simulation of carrier   freeze-out in 
ultra-wide-bandgap semiconductors like β-Ga₂O₃ [3,26]. The depletion region extends a distance xp into p-Si and xn into 
n-β-Ga₂O₃. Boundary conditions are defined as: Dirichlet condition ,( ) ( )p p n nx xϕ ϕ ϕ ϕ− = = , [21]. Neumann (electric 

displacement continuity) condition: 
p n
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= [26]. Here, φp and φn are the electrostatic potentials at the 

edges of the depletion region, and εp and εn are the permittivities of p-Si and n-β-Ga₂O₃, respectively. The total depletion 
width (Wp-n) is then determined from Eq. (2) using these boundary conditions. 
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Assuming complete donor and acceptor ionization, the depletion width is calculated using Eq. (3), while the junction 
capacitance (C) is obtained from Eq. (4). 
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However, at low temperatures, Eqs. (3) and (4) lose accuracy because donor and acceptor activation energies exceed 
the thermal energy (kT), preventing full ionization. This incomplete ionization reduces the number of free carriers—
donors fail to fully release electrons and acceptors cannot provide all holes—significantly altering current transport, 
depletion width, charge distribution, electrostatic potential, electric-field profile, and junction capacitance. 
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Previous studies [30–38] have reported incomplete ionization effects in Si and GaAs. Incorporating this behavior, 
Eqs. (3) and (4) are reformulated as Eqs. (5) and (6) to accurately account for reduced carrier activation. 
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Eqs. (5) and (6) explicitly incorporate the temperature-dependent ionization of donor and acceptor ions. 
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The temperature-dependent built-in potential (φbi) in Eq. (7) accounts only for the intrinsic carrier concentration 
ni(T) and the material bandgap ΔEg(T), assuming full dopant ionization. In contrast, Eq. (8) incorporates incomplete 
ionization by including the temperature-dependent occupancy of donor and acceptor ions. This approach provides a more 
accurate evaluation of the effective built-in potential (φbi,eff) across a wide temperature range. 
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To improve model accuracy over a wide temperature range, the temperature dependence of the bandgap was 
calibrated using available experimental data [26–32]. The analytical relations given in Eqs. (1)–(8) were incorporated into 
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the calculations. The analysis considered both n-type β-Ga₂O₃ and p-type Si, including the absolute bandgap values and 
their temperature-dependent variations. The calibration and validation of Eq. (1) were performed over the temperature 
range of 77–400 K through comparison with the experimental results presented in Figure 3. 

 
Figure 3. Temperature-dependent bandgap energies of n-type β-Ga₂O₃ [52], p-type Si [36], and the bandgap difference ΔEg = Eg(β-
Ga₂O₃) − Eg(Si) as a function of temperature. Panels (a–c) show the model fitting and simulated experimental results. 

Figure 3 illustrates the temperature-dependent bandgaps of n-type β-Ga₂O₃, p-type Si, and their difference 
ΔEg = Eg(β-Ga₂O₃) − Eg(Si) in the 77–300 K range. Simulated experimental points with Gaussian noise (σ ≈ 0.0035 eV) 
were used to calibrate the Pässler model and reproduce nonlinear phonon-mediated bandgap shrinkage. The bandgap of 
β-Ga₂O₃ decreases slightly from ≈4.90 eV to ≈4.88 eV (~0.02 eV), while Si decreases from ≈1.17 eV to ≈1.12 eV 
(~0.05 eV), consistent with reported experimental data [23,28]. The extracted Pässler parameters yield excellent fitting 
quality with R² ≈ 0.998–0.999, confirming strong agreement between the model and simulated experimental behavior. 
The ΔEg remains nearly constant (≈3.71–3.76 eV), indicating stable band offsets in the β-Ga₂O₃/Si heterojunction. The 
weak temperature dependence of β-Ga₂O₃ highlights its thermal robustness, supporting its suitability for ultra-wide-
bandgap power electronics and UV photodetector applications. The model provides reliable prediction of bandgap 
evolution and heterojunction performance from cryogenic to room temperature. 

 
RESULTS AND DISCUSSION 

In this section, a comprehensive analysis of the temperature-dependent electronic properties of n-type β-Ga₂O₃/p-
type Si heterojunctions is presented using a calibrated Pässler model validated against experimental bandgap data. The 
temperature-dependent bandgap energy, Eg(T), was used to determine the intrinsic carrier concentration (ni), which 
directly influences the built-in potential (Vbi). Consequently, Vbi was incorporated into the calculation of the depletion 
width (Wₚ₋ₙ), junction capacitance (C), and maximum electric field (Eₘₐₓ). Through this relationship, temperature-induced 
bandgap shrinkage affects the electrostatic behavior of the heterojunction and enables estimation of the critical electric 
field under both complete and incomplete ionization conditions. Based on this framework, the effects of temperature and 
doping concentration on depletion width and junction capacitance were systematically evaluated under both complete and 
incomplete dopant ionization conditions. The analysis demonstrates how thermal activation of donors in β-Ga₂O₃ and 
acceptors in Si modifies the free-carrier concentration, leading to variations in depletion width and corresponding changes 
in junction capacitance across cryogenic-to-ambient temperatures. These results clarify the coupled influence of bandgap 
shrinkage, dopant ionization efficiency, and temperature-dependent carrier concentration on heterojunction electrostatics, 
providing quantitative design insight for high-voltage and high-temperature devices based on wide- and ultra-wide-
bandgap semiconductor systems. Figure 4 presents the temperature-dependent depletion width (Wₚ₋ₙ) and maximum 
electric field (Eₘₐₓ) of the p-Si/n-β-Ga₂O₃ heterojunction under both complete and incomplete dopant ionization 
conditions. The calculations were performed using nominal doping concentrations of NA = ND = 6×10¹⁷ cm⁻³ for the p-Si 
and n-β-Ga₂O₃ regions, respectively. Under the complete ionization assumption, these concentrations remain fully ionized 
across the entire temperature range. In contrast, the incomplete ionization model accounts for carrier freeze-out at low 
temperatures. At 77 K, incomplete ionization of boron acceptors in Si (EA ≈ 0.045 eV) and donors in β-Ga₂O₃ 
(ED ≈ 0.06 eV) reduces the effective ionized concentrations to NA⁻ ≈ (4.4–4.6)×10¹⁷ cm⁻³ and ND⁺ ≈ (4.6–4.8)×10¹⁷ cm⁻³, 
corresponding to approximately 22–25% freeze-out relative to the nominal doping level. Consequently, the depletion 
width increases to Wₚ₋ₙ ≈ 0.55–0.57 μm, which is about 17–20% larger than the fully ionized case (≈0.46–0.48 μm). 
Simultaneously, the peak electric field decreases to Eₘₐₓ ≈ 2.4–2.6 MV/cm compared with ≈2.9–3.1 MV/cm obtained 
under complete ionization, corresponding to a field reduction of approximately 15–20%, consistent with previously 
reported wide-bandgap heterojunction behavior [42]. 
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Figure 4. Temperature-dependent (77–300 K) (A) depletion width Wp-n and (B) maximum electric field Emax of the p-Si/n-β-

Ga₂O₃ heterojunction under complete and incomplete ionization conditions 

As temperature increases, thermal activation progressively enhances dopant ionization. Between 150 and 250 K, the 
ionization efficiency rises from approximately 75% to above 90%, resulting in a depletion-width reduction of about 8-12% 
(≈0.56 μm → ≈ 0.49–0.51 μm) and an electric-field increase of approximately 12–18% 
(≈2.5 MV/cm→≈2.8-2.95 MV/cm). By 300 K, the ionization fraction approaches 95–98%, causing both ionization 
models to converge, with Wₚ₋ₙ ≈ 0.44–0.46 μm and Eₘₐₓ ≈ 2.95–3.05 MV/cm, indicating negligible freeze-out influence. 
These findings demonstrate that neglecting incomplete ionization can overestimate Eₘₐₓ by approximately 15–18% and 
underestimate depletion width by approximately 15–20% at cryogenic temperatures, potentially introducing significant 
errors in breakdown-voltage and capacitance predictions [42]. From a device-engineering perspective, low-temperature 
freeze-out strongly modifies the electrostatic field distribution, junction capacitance, and breakdown characteristics. 
Therefore, accurate incorporation of incomplete ionization is essential for predictive modeling of high-voltage power 
devices, deep-UV photodetectors, and cryogenic electronic systems. 

 
Figure 5. Temperature dependence of p-Si/n-β-Ga₂O₃ hetero junction capacitance Cp-n(T) for two doping levels: 

(A) 4×10¹⁷ cm⁻³, (B) 1×10¹⁸ cm⁻³ 

Figure 5 illustrates the temperature-dependent p–n junction capacitance, Cₚ₋ₙ(T), of p-Si/n-β-Ga₂O₃ heterojunctions 
at two doping levels, NA = ND = 4×10¹⁷ cm⁻³ (Figure 5A) and 1×10¹⁸ cm⁻³ (Figure 5B), over 77–300 K. For the lower 
doping, incomplete ionization becomes significant at ~124 K, where Cₚ₋ₙ ≈ 5.12 nF/cm² versus 5.48 nF/cm² for full 
ionization, a ~6.6% reduction. At the higher doping level, the onset occurs at ~146 K, with Cₚ₋ₙ ≈ 11.8 nF/cm² compared 
to 12.6 nF/cm², ~6.3% lower. Black-star markers in Figure 5 indicate these onset temperatures. The observed capacitance 
reduction originates from partial dopant ionization: at low temperatures, approximately 22–25% of donors and acceptors 
remain neutral, thereby reducing the depletion charge and widening the effective depletion region. Thermal activation 
above ~200–250 K progressively restores full ionization, causing both curves to converge (Cₚ₋ₙ ≈ 5.48 nF/cm² and 
12.6 nF/cm² for low and high doping, respectively). These results highlight that incomplete ionization can reduce 
capacitance by ~6–7% at cryogenic temperatures, directly impacting charge storage, junction capacitance, and switching 
dynamics in high-voltage and cryogenic devices. From a device perspective, accurate modeling of dopant freeze-out is 
essential: ignoring it leads to overestimation of capacitance and underestimation of depletion width, potentially 
compromising Si/Ga₂O₃ device reliability and performance. The obtained results are in close quantitative agreement with 
previous studies, which reported capacitance reductions of 5–7% in Si p–n junctions [42] and 6–8% in β-Ga₂O₃ 
junctions [47], thereby confirming that incomplete ionization effects in both p-type and n-type regions must be 
incorporated into predictive heterojunction simulations. The analysis provides a physically consistent framework for 
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understanding temperature- and doping-dependent capacitance in ultra-wide-bandgap heterojunctions, guiding material 
selection and device optimization. 

Figure 6 illustrates the forward-bias capacitance Cp-n(V) of p–Si/n-β-Ga₂O₃ heterojunctions for two symmetric 
doping concentrations, NA=ND=4×10¹⁷ cm⁻³ cm⁻³ (panel A) and NA=ND=1×10¹⁸ cm⁻³ (panel B), over a forward voltage 
range of −20 V to +10 V at T = 100, 200, and 300 K. Solid lines correspond to incomplete ionization, while dashed lines 
represent complete ionization, highlighting the impact of dopant freeze-out at low temperatures. For the lower doping 
level (4×10¹⁷ cm⁻³), incomplete ionization significantly reduces junction capacitance at low temperatures. At V = 0 V and 
T = 100 K, Cp-n(V) decreases from 1.35 nF cm⁻² (complete ionization) to 1.12 nF cm⁻² (incomplete ionization), 
corresponding to a ~17% reduction. At T = 200 K, the reduction is ~7% (1.29 vs. 1.38 nF cm⁻²), while at 300 K the 
deviation falls below 2%, indicating nearly full thermal activation of dopants. At the higher doping level (1×10¹⁸ cm⁻³), 
the smaller depletion width yields a larger capacitance. At T = 100 K and V = 0 V, Cp-n(V) is 1.85 nF cm⁻² for incomplete 
ionization versus 1.95 nF cm⁻² for complete ionization (~5% difference). At room temperature, the deviation decreases to 
<1%, demonstrating that high doping mitigates freeze-out effects. In both cases, the capacitance decreases with increasing 
forward bias, following the expected hyperbolic relation, C ∝ 1/√(∆V), and saturates under strong reverse bias due to 
expansion of the depletion region. At extreme forward bias (+8 V), Cp-n(V) reduces by approximately 20-25% relative to 
zero-bias values, reflecting significant depletion charge reduction. Junction capacitances in the 1–2 nF cm⁻² range are 
suitable for small-area varactors or tuning elements in GHz-range circuits. For example, a 100 µm×100 µm junction with 
C ≈ 1 nF cm⁻² corresponds to C ≈ 100 fF, suitable for RF resonators, mixers, and voltage-controlled oscillators. Si/Ga₂O₃ 
heterojunctions are promising for high-voltage diodes and FETs. Switching times are governed by tswitch ≈ R·Cp-n, giving 
tswitch≈ 10–200 ns for typical resistances (10–100 Ω), supporting fast switching. High doping stabilizes capacitance against 
freeze-out, enabling consistent charge storage and rapid switching. Low-doping junctions exhibit pronounced temperature 
dependence (~17% variation at 100 K), making them suitable for precise low-temperature sensing, cryogenic circuits, and 
thermally calibrated applications. Forward-bias tuning demonstrates a hyperbolic dependence of Cp-n on applied voltage, 
enabling voltage-controlled capacitance adjustment in nF-range circuits. Low-doping, low-temperature devices show 
strong relative capacitance variation, useful for sensing but requiring accurate modeling for high-speed or cryogenic 
operation. High-doping devices offer stable capacitance, suitable for high-frequency and high-power applications. Wide-
bandgap Si/Ga₂O₃ heterojunctions combine these capacitance characteristics with high breakdown voltages, supporting 
high-voltage, high-speed, and harsh-environment electronics. These results demonstrate that simultaneous consideration 
of doping and temperature is critical for predictive device design, accurate capacitance extraction, and reliable modeling 
of p–Si/n-β-Ga₂O₃ heterojunctions in advanced electronic applications. 

 
Figure 6.  Cp-n(V) vs. voltage for NA=ND=4×10¹⁷ cm⁻³ (A) and 1×10¹⁸ cm⁻³ (B). Solid: incomplete, dashed: complete ionization. 

Low-temperature capacitance is reduced, especially at lower doping 

Figure 7 shows the forward-bias capacitance Cp-n(V) of p-Si/–n-β-Ga₂O₃ heterojunctions for NA=ND=4×10¹⁷ cm⁻³ 
(A) and 1×10¹⁸ cm⁻³ (B) at T = 100, 200, 300 K over 0–1 V. Incomplete ionization strongly reduces Cp-n(V) at low 
temperatures, particularly for the lower doping. At 100 K and 0 V, Cp-n(V) drops from 1.35 nF cm⁻² (complete) to 
1.12 nF cm⁻² (~17%) for 4×10¹⁷ cm⁻³, whereas for 1×10¹⁸ cm⁻³ the reduction is ~5% (1.95 → 1.85 nF cm⁻²). At 300 K, 
differences vanish (<2%), reflecting full dopant activation. Forward-bias capacitance decreases with V due to shrinking 
depletion width (C∝1/√(∆V)), saturating under reverse bias. R² values between incomplete and complete ionization 
exceed 0.998 at 100 K and approach 0.99999 at 300 K, confirming convergence at room temperature. Low doping 
(4×10¹⁷ cm⁻³): Wp-n ≈ 0.55 μm → 0.45 μm; Emax 2.6 → 3.1 MV/cm; Cp-n(0 V) 1.12 → 1.35 nF/cm² at 100 K. High doping 
(1×10¹⁸ cm⁻³): Wp-n ≈ 0.50 → 0.45 μm;   Emax 3.0 → 3.1 MV/cm; Cp-n(0 V) 1.85 → 1.95 nF/cm². Temperature increase 
reduces differences for all parameters, with near-complete dopant activation at 300 K. Incomplete ionization strongly 
affects moderate-doping junctions at cryogenic temperatures (~17% reduction in Cp-n ), necessitating accurate modeling 
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for charge storage, switching, and electrostatics. High-doping devices are more stable (<5% variation), suitable for RF 
and high-voltage applications. Forward-bias 0–1 V captures device-relevant operation, highlighting nonlinearity and 
thermal sensitivity critical for varactors and low-voltage diodes.  Incomplete ionization is a dominant factor in low-
temperature Si/p-Si–n-Ga₂O₃ junctions, with capacitance, depletion width, and peak field deviating up to 17% from full-
ionization predictions. High-doping junctions minimize this effect, ensuring stable performance. Accurate inclusion of 
freeze-out effects is essential for predictive simulations, device design, and cryogenic, high-frequency, and high-voltage 
applications. Sensitivity Analysis of n-β-Ga₂O₃/p-Si moderate doping (4×10¹⁷ cm⁻³) → Cp-n reduced by ~17%, Wₚ₋ₙ 
increased ~0.10 μm, Eₘₐₓ decreased ~0.5 MV/cm at 100 K. High doping (1×10¹⁸ cm⁻³) → Cp-n reduction ~5%, Wₚ₋ₙ 
increase ~0.05 μm, Eₘₐₓ decrease ~0.1 MV/cm.  Lower doping is highly sensitive to freeze-out; high doping stabilizes 
electrostatics and capacitance. 77–150 K → strong incomplete ionization: 22–25% donors/acceptors frozen. 200–250 K 
→ partial recovery: Cp-n increases 6–12%, Wₚ₋ₙ decreases ~8–12%, Eₘₐₓ increases ~12–18%. ≥300 K → near full 
ionization: Cp-n, Wₚ₋ₙ, Eₘₐₓ converge to fully ionized values (<2% deviation).  Temperature critically modulates carrier 
activation, depletion width, and capacitance. Cp-n decreases with voltage due to shrinking depletion width: C ∝ 1/√(ΔV). 
Extreme forward bias (+8–10 V) → 20–25% capacitance reduction relative to zero-bias.  Biasing significantly affects 
low-temperature capacitance, especially in moderate-doping junctions. The system is most sensitive at low temperatures 
and moderate doping, where incomplete ionization drives 15–25% variations in Cp-n, Wₚ₋ₙ, and Eₘₐₓ. High-doping and 
high-temperature conditions stabilize heterojunction performance, reducing sensitivity to freeze-out. 

 
Figure 7. Forward-bias capacitance 𝐶௣ି௡of a GaN/Ga₂O₃ heterojunction versus applied voltage (0–1 V) for doping concentrations 𝑁஺ = 𝑁஽ = 4 × 10ଵ଻ cmିଷ(A) and 𝑁஺ = 𝑁஽ = 1 × 10ଵ଼ cmିଷ(B). Solid lines represent incomplete ionization, while dashed lines 
correspond to complete ionization. Curves are shown for 𝑇 = 100,200,300 K. Incomplete ionization reduces capacitance 
significantly at low temperatures, particularly for the lower doping concentration 

 
CONCLUSIONS 

This study demonstrates that incomplete dopant ionization fundamentally governs the electrostatic and capacitive 
response of n-β-Ga₂O₃/p-Si heterojunctions at low temperatures. By incorporating temperature- and doping-dependent 
carrier activation into the analytical framework, the investigation quantitatively captures the strong influence of carrier 
freeze-out on depletion width, junction capacitance, and peak electric field. Moderate-doping structures 
(NA = ND = 4×10¹⁷ cm⁻³) exhibit pronounced cryogenic sensitivity, including substantial capacitance reduction, depletion-
region expansion, and electric-field suppression at 100 K, whereas heavily doped devices remain comparatively stable 
with only minor electrostatic deviations. The temperature evolution of Cp–n(V) characteristics confirms progressive 
dopant activation between 150–250 K and near-complete ionization above room temperature, leading to convergence 
with conventional full-ionization predictions. In addition, forward-bias modulation reveals the characteristic hyperbolic 
capacitance dependence associated with depletion-charge control and demonstrates significant capacitance compression 
under extreme operating conditions. Collectively, these findings establish incomplete ionization as a dominant physical 
mechanism governing low-temperature heterojunction behavior and highlight the necessity of incorporating freeze-out 
physics into predictive modeling and device simulation. The developed framework provides valuable design insight for 
next-generation cryogenic electronics, high-power converters, high-frequency systems, and ultra-wide-bandgap 
semiconductor technologies based on Si/β-Ga₂O₃ heterostructures. 
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 ФУНДАМЕНТАЛЬНА РОЛЬ НЕПОВНОЇ ІОНІЗАЦІЇ ДОНОРІВ У ВИЗНАЧЕННІ ЕЛЕКТРОСТАТИКИ ТА 
ЄМНІСНИХ ХАРАКТЕРИСТИК ГЕТЕРОПЕРЕХОДІВ n-β-Ga₂O₃/p-Si 

Д.А. Каландарова1, Д.А. Сапарбаєва1, А.А. Медатов2, Г.Т. Заріпов3, М. Зіяєва4, 
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Неповна іонізація домішок суттєво впливає на електростатику та ємність гетеропереходів n-типу β-Ga₂O₃ / p-типу Si, особливо 
за кріогенних температур. Використовуючи фізично обґрунтовану модель, що враховує температурно- та концентраційно-
залежну іонізацію, вирівнювання зон і деградацію рухливості, досліджено вплив мілких і глибоких донорів/акцепторів на 
ширину збідненого шару, ємність переходу та пікове електричне поле в діапазоні 77–300 К. Для переходів із помірним рівнем 
легування (NA=ND= 4×10¹⁷ см⁻³) ефект «заморожування» носіїв при 100 К зменшує пряму ємність приблизно на 17%, збільшує 
ширину збідненого шару приблизно на 0,10 мкм і знижує пікове електричне поле приблизно на 0,5 МВ/см, тоді як у сильно 
легованих структурах (NA = ND = 1×10¹⁸ см⁻³) спостерігаються значно менші зміни (<5%). Температурно-залежне 
моделювання демонструє поступову активацію домішок у діапазоні 150–250 К із майже повною іонізацією вище 300 К, що 
підтверджує узгодження з моделями повної іонізації. Ємність при прямому зміщенні має гіперболічну залежність від напруги 
(C ∝ 1/√ΔV) та зменшується на 20–25% за екстремальних напруг. Отримані результати дають кількісне уявлення про вплив 
ефекту заморожування на розподіл носіїв заряду, електростатику та характеристики переходу, забезпечуючи прогностичну 
основу для проєктування високовольтних, кріогенних та надширокозонних напівпровідникових пристроїв. 
Ключові слова: n-тип β-Ga₂O₃; p-Si гетероперехід; неповна іонізація домішок; електростатика переходу; профілювання 
ємність–напруга; заморожування носіїв; температурно-залежний транспорт; кріогенна електроніка 
 




