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Incomplete dopant ionization in wide-bandgap semiconductors plays a critical role in determining carrier concentration, electrostatic
properties, and overall device performance; however, its impact on GaN p—n junctions for optical photovoltaic converters (OPCs)
remains insufficiently understood. In this work, SCAPS-1D simulations are employed to systematically investigate GaN p—n junctions
incorporating three p-type acceptors (Mg, Zn, Be) and three n-type donors (Si, O, S) over doping concentrations of 10'*~10"® cm* and
temperatures ranging from 77 K to 400 K. The temperature dependence of the bandgap is described by the Varshni relation
(R2=0.9721), while dopant ionization is modeled as a function of both temperature and doping level to capture its effects on carrier
distribution, the built-in potential, and capacitance—voltage (C—V) characteristics. The results reveal a pronounced reduction in junction
capacitance at lower temperatures due to incomplete acceptor ionization. For a representative doping level of 5x10'7 cm™, the
capacitance decreases from approximately 3.2 pF at 400 K to 1.5 pF at 77 K (=53% reduction), primarily due to partial ionization of
Mg acceptors, while donor species remain nearly fully ionized. These findings demonstrate that conventional models that neglect
incomplete ionization significantly overestimate junction capacitance at low temperatures. Although the analysis is based on a one-
dimensional framework, it provides physically consistent insight into the role of deep-level dopants and establishes a basis for future
multidimensional TCAD investigations. This study highlights the necessity of incorporating incomplete-ionization effects into the
design and optimization of high-efficiency, radiation-resilient GaN-based OPCs operating in extreme environments.
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INTRODUCTION

Wide-bandgap (WBG) semiconductors have emerged as enabling materials for next-generation power electronics and
optoelectronic devices operating under extreme electrical, thermal, and radiation conditions [1-10]. Compared with
conventional Si and GaAs, WBG materials—including GaN, 4H-SiC, B-Ga:0;, and diamond—offer significantly larger
bandgaps, higher critical electric fields, superior thermal conductivity, and enhanced radiation tolerance, enabling reliable
operation at elevated temperatures and high-power densities [ 1-10]. These properties make WBG semiconductors attractive
for applications ranging from space-based solar energy systems and high-power laser energy transfer to radiation-hardened
detectors and high-voltage electronics [4,9—-14]. Among WBG materials, gallium nitride (GaN) has attracted significant
attention due to its direct wide bandgap (3.39 eV), high breakdown field, and robust III-N bond strength, supporting stable
operation under elevated temperatures and intense radiation [4,9,10,15,16]. Other WBG semiconductors, such as 4H-SiC
(3.26 eV) and diamond (5.45 eV), also offer high breakdown voltages (3—10 MV/cm) and excellent thermal conductivity
(~3.7W/ecm-K for SiC; ~2200 W/m-K for diamond), while f-Ga:0s (~4.8 V) exhibits ultrahigh theoretical breakdown
limits, though challenges in dopant activation and thermal management remain [3,5,7,17-20].

Despite these advantages, incomplete dopant ionization remains a fundamental limitation in WBG semiconductors,
particularly at low to moderate temperatures [21-25]. Deep dopant levels in combination with large bandgaps lead to
substantial fractions of electrically inactive dopants, reducing free carrier concentration, increasing resistivity, and altering
key device parameters. In GaN, p-type acceptors (Mg, Zn, Be) possess high activation energies (~120—-160 meV), whereas
n-type donors (Si, O, S) exhibit low activation energies (~20-32 meV). Similar incomplete ionization effects are observed
in 4H-SiC (B, Al), diamond (B, P), and B-Ga:Os (unintentional donors), highlighting the broad relevance of this
phenomenon in WBG devices [3,5,7,22,23].

Incomplete ionization affects carrier density, built-in potential, depletion width, and capacitance-voltage (C-V)
characteristics, which are critical for optical photovoltaic converters (OPCs) where carrier transport, recombination, and
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resistive losses determine efficiency [10,26]. GaN-based OPCs have achieved conversion efficiencies up to 79.6% at laser
power densities of 10 W/cm?, surpassing GaAs devices by over 10% [10,26,27]. However, their performance is highly
sensitive to temperature-dependent ionization of deep acceptors, emphasizing the need for systematic evaluation.
Radiation tolerance further underscores the importance of understanding dopant ionization, as GaN and Ill-nitride
heterostructures (AIN/GaN, AlGaN/GaN, InAIN/GaN) maintain stable operation under high-dose proton, electron,
neutron, and gamma irradiation [2,4,9,28]. Although extensive modeling has been conducted for WBG devices—
including GaN/Si heterojunction solar cells [29], InGaN tandem cells [30], vertical GaN diodes [32-34], and AlIGaN/GaN
HEMTs [35-37] — few studies systematically investigate the effects of incomplete dopant ionization across realistic
temperature and doping ranges. Existing research often neglects the influence of deep-level acceptors on C—V
characteristics, built-in potential, and device efficiency.

In this study, we employ SCAPS-1D simulations to investigate GaN p—n junctions incorporating three p-type
acceptors (Mg, Zn, Be) and three n-type donors (Si, O, S) across doping concentrations from 10! to 10*® cm™ and
temperatures from 77 K to 400 K. The model accounts for the coupled influence of incomplete dopant ionization on
carrier transport, recombination dynamics, and electrostatic behavior. Particular attention is given to the resulting
variations in built-in potential, depletion width, and capacitance—voltage (C—V) characteristics, comparing cases with and
without ionization effects.

It should be noted that, due to the inherent one-dimensional nature of SCAPS-1D, the present study focuses on
capturing the fundamental trends associated with incomplete ionization rather than providing a fully comprehensive
description of multidimensional device physics. Effects such as lateral field distribution, polarization-induced charges,
and geometric non-uniformities—which are critical in realistic GaN-based structures—are beyond the scope of this
approach. Nevertheless, the results provide physically meaningful insight into the role of deep-level dopants and establish
a foundation for future investigations using advanced 2D/3D TCAD frameworks.

METHODS AND MATERIAL
2.1. Material Parameters, Doping, and Layer Structure

Gallium Nitride (GaN) is a III-V wide-bandgap semiconductor with a wurtzite crystal structure (a =~ 3.189 A, ¢ =
5.185A) and a direct bandgap of 3.39¢V at 300K, making it highly suitable for high-power, high-frequency, and
optoelectronic applications. For SCAPS-1D simulations, the electron effective mass is set to 0.20 mo and the hole effective
masses to 1.0 mo (heavy) and 0.3 mo (light), corresponding to high electron mobility (~1500 cm?/V-s) and moderate hole
mobility (~100 cm?/V-s). GaN exhibits a low intrinsic carrier concentration (~1x107° cm™3), relative permittivity € =~ 9.5, and
a wide breakdown field (~3.3 MV/cm), enabling compact, high-voltage one-port capacitance (OPC) and RF designs. Its high
thermal conductivity (~230 W/m-K) and melting point (~2500 °C) support reliable high-power operation, while strong
optical absorption (~10° cm™ at 3.4 eV) and radiation hardness make it suitable for advanced optoelectronic and space-based
devices. Doping in SCAPS-1D was modeled using n-type donors (Si: 5x10" cm™, O: 1x10' cm™3, S: 5x10' cm™) with low
activation energies (~20-32 meV) and p-type acceptors (Mg: 1x10®¥ cm™3, Zn: 1x107 cm3, Be: 5x10' cm3) with higher
activation energies (~120-160 meV). The incomplete ionization of acceptors in the p-GaN quasi-neutral region (QNR)
reduces the effective hole concentration, significantly affecting the built-in potential, depletion width, and capacitance-
voltage (C—V) characteristics.

The layer structure was defined with long quasi-neutral regions to accurately capture the junction behavior: the p-GaN
layer was set to 2 pm and the n-GaN layer to 3—5 um, ensuring that both QNRs were much thicker than the depletion region
(~100-500 nm) calculated dynamically by SCAPS. Metallic ohmic contacts were applied at the device terminals to enable
efficient carrier injection and extraction. To account for carrier dynamics and realistic device behavior, Shockley—Read—Hall
(SRH) recombination was included with lifetimes 1, = 1, = 1-10 ns and trap densities of 10'*~10" cm™. This configuration
allows simulation of frequency-dependent response, one-port capacitance (OPC), RF behavior, and high-power device
reliability under both equilibrium and bias-dependent conditions.

—Zp 0 Tn
Figure 1. 2D schematic representation of the p—n GaN heterojunction simulated in SCAPS-1D

Figure 1 depicts a 2D schematic of the p—n GaN heterojunction simulated using SCAPS-1D, incorporating three
acceptors (Mg, Zn, Be) in the p-type region and three donors (Si, O, S) in the n-type region. The p-GaN quasi-neutral region
(QNR) is shown in red, with partially ionized acceptor ions due to their relatively high activation energies (~120-200 meV),
whereas the n-GaN QNR is shown in blue with largely ionized donor ions (~20-32 meV). The depletion region at the junction
is highlighted in light red on the p-side and light blue on the n-side, representing the space charge formed by ionized dopants.
Metallic contacts are shown at the structure edges, and the positions —x,, 0, and —x, correspond to the p-side depletion
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boundary, metallurgical junction, and n-side depletion boundary, respectively. Electrons and holes indicate the distribution
of mobile carriers. Near the junction x =0, the electric field reaches its maximum, dominated by ionized dopants, while in
the QNRs, the p-type region contains mostly neutral acceptors and the n-type region contains fully ionized donors. The
distribution of ionized and neutral dopants in the GaN p—n junction reduces capacitance in C—V characteristics by altering
effective carrier concentration, thereby affecting the built-in potential, depletion width, and frequency-dependent response.
These effects critically impact RF performance, one-port capacitance (OPC), and device reliability, providing a clear physical
basis for interpreting bias- and temperature-dependent behavior.

2.2 Numerical Modeling of Temperature-Dependent Ionization and Calibration
The temperature-dependent ionization of dopants in GaN p—n junctions was modeled numerically using SCAPS-
1D, which allows the explicit incorporation of incomplete ionization effects for both acceptor and donor species. The p-
type region included three acceptors (Mg, Zn, Be) with activation energies of 160 meV, 120 meV, and 150 meV,
respectively, while the n-type region included three donors (Si, O, S) with activation energies of 20 meV, 32 meV, and
30 meV. This configuration reflects realistic doping conditions commonly employed in GaN-based optical photovoltaic
converters (OPCs) and high-power devices. In SCAPS-1D, the fraction of ionized dopants N/ (T) and N (T)were

calculated as a function of temperature using the Fermi—Dirac distribution (1a) and (1b):

N
N,(T)= Z la
@) g, p,(T) AE, (1)
-exp
B,(T)-N,(T) kT
+ ND
Mo gp-n,(T) AE) )
+ -exXp
B,.(T)-N.(T) kT

where Npand Njare the total donor and acceptor concentrations, Epand E,the dopant energy levels, Epthe Fermi level,
kgthe Boltzmann constant, Tthe temperature, and gj,, g,the dopant degeneracy factors.

This approach enables accurate modeling of partially ionized deep-level acceptors at cryogenic and moderate
temperatures, which is particularly critical for p-GaN regions where Mg is the dominant dopant. To connect the quantum
Fermi-Dirac statistics with classical Maxwell-Boltzmann approximations, temperature-dependent correction factors
B,(T) and ,b’p (T") are introduced. The numerical model was calibrated against reported experimental and simulation data

for GaN p-n junctions [10,26,32], ensuring correct reproduction of key parameters such as built-in potential, depletion
width, and capacitance-voltage (C—V) characteristics across the full temperature range. Both quasi-neutral regions and
the depletion region were discretized with sufficient spatial resolution to capture sharp carrier and field gradients at the
metallurgical junction. To isolate the impact of incomplete ionization, comparative simulations were conducted with full
ionization assumed for all dopants. The resulting differences in carrier concentration, built-in potential, depletion width,
and C-V response directly quantify the effect of deep-level acceptors and donors on junction performance. This calibrated
model provides a reliable framework for predicting temperature- and doping-dependent behavior in GaN OPCs and other
wide-bandgap devices operating under extreme conditions. The bandgap E,(T)typically decreases with increasing
temperature due to lattice expansion and electron—phonon interactions. For GaN, this can be described using Varshni’s
empirical relation (2):

a-T?
T+6,

Where: E,(0)is the bandgap at 0 K (~3.51 eV for GaN), « is the Varshni coefficient (~0.909 meV/K for GaN), Op is the
Varshni temperature constant (~830 K for GaN), T is the absolute temperature in Kelvin.

The built-in potential V,; is the equilibrium voltage established across a p—n junction due to diffusion of carriers,
balancing drift and diffusion currents. In a GaN p—n junction, it depends on the doping concentrations and temperature,
and is strongly influenced by incomplete ionization of deep-level dopants.

ky-T (N,-N,
V,(T)==2—.In| 42| 3
=Ll Ay ] o)

The built-in potential V;;0f GaN p—n junctions was initially calculated using the classical expression (3). However,
to accurately capture the effects of incomplete dopant ionization, this study employs the effective built-in potential
Vpierras defined in expression (4), which incorporates the temperature-dependent fraction of ionized acceptors and donors
in both p- and n-type regions.

E/(T)=E,(0)-
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Temperature controls dopant ionization, thereby affecting carrier concentration, depletion width, and built-in
potential, which together determine the junction capacitance. In GaN, deep acceptors lead to reduced capacitance at low
temperatures, while higher temperatures increase ionization and capacitance, critically influencing C—V behavior and
device performance.

C, =8 [0 u ©)
2.(NA+ND).(I/bi(T)_Vp—n)

Although many previous studies [25-30] evaluate junction capacitance using the classical approach (5), in the
present work, the capacitance is calculated by explicitly incorporating the temperature- and doping-dependent ionized
dopant concentrations from expressions (1a) and (1b), together with the effective built-in potential from expression (4),
as formulated in expression (6).
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Figure 2. Calibration of GaN bandgap versus temperature.

The temperature-dependent bandgap of GaN was modeled using the Varshni equation over 77—400K, with
experimental calibration points in the 200—400 K range. The fitted parameters, Eg(0) = 3.51 eV, o = 0.00091 eV/K, and
0p = 630 K, yield a coefficient of determination R? = 0.9721, demonstrating excellent agreement between the model and
experimental data [39,40]. The results indicate an approximately linear decrease of Egbelow 300 K, with pronounced
nonlinear behavior at higher temperatures. This temperature dependence directly affects carrier generation, built-in
potential, and junction capacitance in GaN-based optical photovoltaic converters (OPCs), emphasizing the necessity of
incorporating accurate E,(T)models in device simulations to optimize performance under high-temperature and high-
efficiency operating conditions.

RESULTS AND DISCUSSION

The ionization behavior of acceptor (Mg, Zn, Be) and donor (Si, O, S) dopants in lightly doped GaN (NA =ND =
1x10' cm™) exhibits strong temperature dependence, with pronounced freeze-out effects at cryogenic temperatures and
nearly complete activation above room temperature. At temperatures below 50 K, dopants with high activation energies,
such as Mg and Be, remain mostly inactive (ionization fraction P < 0.1), whereas dopants with lower activation energies,
like Zn and Si, begin ionizing at higher rates, demonstrating the sensitivity of carrier activation to dopant energy levels.
In the intermediate range of 77-150 K, the ionization fraction rises sharply, with donor species generally activating at
lower temperatures than acceptors due to their smaller activation energies, higher degeneracy, and the larger conduction-
band density of states. Mapping the ionization across temperature and dopant concentration shows that low dopant
densities intensify freeze-out, while higher concentrations partially reduce incomplete ionization, although significant
suppression remains at cryogenic temperatures even for N ~ 10'® cm™. These results underline the importance of dopant
choice in GaN devices, particularly for low-temperature and high-power applications. Low-activation-energy donors such
as Si and S provide stable electron conduction in n-type layers, whereas careful selection and co-doping of acceptors (Mg,
Zn) is required to enhance hole densities in p-type layers. Incorporating temperature-dependent effective densities of
states and incomplete ionization effects into device simulations is crucial for accurate prediction of carrier concentration,
depletion widths, and current transport. From a design perspective, this understanding aids in optimizing high-power
electronics, LEDs, HEMTs, and GaN-based optical photovoltaic converters, ensuring reliable operation across 77-400 K
and supporting applications ranging from high-temperature operation to cryogenic devices such as sensors, quantum
technologies, and low-noise photodetectors.
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(a) Classical built-in potential (b) Effective built-in potential model
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Figure 3. Temperature-dependent built-in potential of GaN p—n junctions: (a) classical model assuming complete dopant ionization;
(b) effective model including temperature-dependent incomplete ionization of Mg, Zn, Be acceptors and Si, O, S donors

Figure 3(a) presents the temperature dependence of the built-in potential V;;of a GaN p—n junction calculated using
the classical expression, which assumes complete ionization of dopants. Under this assumption, Vj;increases

. . k o .
monotonically with temperature due to the %T prefactor and the strong temperature dependence of the intrinsic carrier

concentration n;(T). For the considered doping levels (N, = Np =5 X 1017 cm™3), the classical model predicts
Vpivalues of approximately 3.15 V at 77 K, decreasing slightly to ~3.05 V at 300 K and ~2.95 V at 400 K. This smooth
variation reflects only intrinsic semiconductor properties and neglects the reduced electrical activity of deep dopants at
low and intermediate temperatures. In contrast, Figure 3(b) illustrates the effective built-in potential V}; .grobtained by
explicitly accounting for incomplete dopant ionization through temperature-dependent ionized acceptor and donor
concentrations. At low temperatures, the impact of incomplete ionization is pronounced, particularly for Mg-doped p-
type GaN with an activation energy of 160 meV. For example, at 77 K, V,; o for the Mg—Si junction is reduced by more
than 0.4-0.6 V relative to the classical prediction, corresponding to a reduction of ~15-20%. As the temperature increases,
thermal activation progressively ionizes both acceptors and donors, leading to a gradual increase in Vy; o¢r. Above ~300
K, the effective built-in potentials for all dopant combinations (Mg—Si, Zn—Si, Be—Si, and corresponding O and S donors)
converge toward the classical Vj,;, with deviations below 5 % at 400 K.

A clear hierarchy among acceptors is observed: Zn-doped GaN (120 meV) exhibits the highest V}; ¢grat low
temperatures, followed by Be (150 meV), while Mg shows the strongest suppression due to its deeper acceptor level.
Donor choice (Si, O, S) introduces smaller variations (<0.1-0.15 V across the full temperature range), consistent with
their relatively shallow activation energies (20-32 meV). These results demonstrate that p-type dopant activation
dominates the deviation from the classical model in GaN p—n junctions.

From a device-physics perspective, the reduced V,; o¢¢ at low temperatures implies wider depletion regions and lower
junction capacitance than predicted by classical theory, directly affecting C—V characteristics, RF response, and carrier
collection efficiency. This is particularly relevant for GaN-based optical photovoltaic converters (OPCs) and space or
cryogenic applications, where devices may operate well below room temperature. The comparison between Figures 3(a)
and 3(b) highlights the necessity of incorporating incomplete ionization in quantitative modeling of wide-bandgap
devices. Future work should extend this framework to non-uniform doping profiles, polarization-induced charges in I1I-
nitride heterostructures, and high-field operation, as well as experimental validation through temperature-dependent C-V
and [-V measurements. Such integrated modeling will be essential for predictive design of high-efficiency, radiation-hard
GaN devices operating under extreme thermal conditions.

Figure 4 illustrates the strong asymmetry between acceptor and donor ionization in GaN as a function of temperature
and doping concentration. As shown in Fig. 4(a), deep acceptors (Mg, Zn, Be) exhibit severe incomplete ionization,
particularly at low temperatures and high doping densities. Magnesium, with an activation energy of 160 meV, is the most
affected: at 300 K and Ny ~ 10*7-10%8 cm™3, only ~10—15 % of Mg atoms are ionized, while below 50 K Mg is almost
completely frozen out. Even at elevated temperatures (~400 K), full activation is not achieved, highlighting the intrinsic
limitation of p-type GaN. Lower-activation-energy acceptors partially mitigate this effect; at 300 K, Zn (120 meV) and
Be (150 meV) reach ionization fractions of ~75 % and ~65 %, respectively, demonstrating improved but still incomplete
hole activation. In contrast, Fig. 4(b) shows that n-type donors in GaN are nearly fully ionized across the entire
investigated temperature range. Silicon donors (20 meV) exhibit ~85 % ionization already at ~10 K and exceed 99 %
ionization at room temperature, with oxygen (32 meV) and sulfur (30 meV) showing similarly high activation (>95 % at
300 K). Donor ionization remains largely insensitive to both temperature and doping concentration, ensuring stable
electron densities from cryogenic to high-temperature operation. These results confirm that incomplete ionization is the
dominant limitation of p-type GaN and directly governs the built-in potential, depletion width, and capacitance—voltage
behavior of GaN p—n junctions. For GaN-based optical photovoltaic converters and high-power devices, the reduced hole
density due to incomplete Mg activation increases series resistance, degrades carrier collection, and reduces efficiency,
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whereas the fully ionized n-type region ensures robust electron transport. Accurate inclusion of temperature- and
concentration-dependent dopant ionization is therefore essential for realistic modeling and optimization of GaN devices
operating over the 4400 K range.
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Figure 4. Temperature- and concentration-dependent ionization probabilities of dopants in GaN.
(a) Acceptor ionization probability P, (T)for Mg, Zn, and Be over 77—400 K and 10**-108 ¢cm™, (b) Donor ionization probability
Py (T, Np)for Si, O, and S over the same temperature and concentration ranges.
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Figure 5. Temperature- and doping-dependent p—n junction capacitance of GaN: (a) classical model assuming full dopant ionization,
and (b) effective model accounting for incomplete ionization of Mg acceptors and Si donors, highlighting reduced capacitance at
low temperatures and high doping

Temperature- and doping-dependent junction capacitance in GaN. Figure 5 illustrates the calculated p—n junction
capacitance of GaN as a function of temperature (77-400 K) and doping concentration (10'*-10'® cm™). Figure 5(a)
presents the classical capacitance assuming complete dopant ionization, while Figure 5(b) accounts for the incomplete
ionization of Mg acceptors (Ex = 160 meV) and Si donors (Ep = 20 meV). In the classical model (Figure 5(a)), the
capacitance increases monotonically with doping, reaching up to ~4.5 pF at the highest doping (Na = Np = 10 cm™3).
Temperature dependence is relatively weak, with C,-, decreasing slightly at higher temperatures due to the increase in
intrinsic carrier concentration and the logarithmic dependence of the built-in potential Vyi(T). Across the full temperature
range, the variation in capacitance for mid-range doping (Na= Np = 10”7 cm™) is only ~5%, indicating negligible
temperature sensitivity under full ionization assumptions. In contrast, the effective capacitance model (Figure 5(b)) shows
a pronounced reduction at low temperatures due to incomplete ionization of Mg. For a typical p-type doping of
5%107cm™ and n-type doping of 5x10'7cm™3, the capacitance drops from ~3.2 pF at 400K to ~1.5pF at 77K,
highlighting a ~53% reduction caused by the freeze-out of acceptors. Donor ionization remains nearly complete across
the temperature range, so the observed decrease is primarily driven by Mg acceptors. The impact of incomplete ionization
is most significant at high doping levels (Na > 10'® cm™), where the capacitance reduction reaches ~60% at cryogenic
temperatures. These results emphasize that classical capacitance models overestimate C,., at low temperatures,
particularly for heavily Mg-doped p-type GaN. The effective model demonstrates that incomplete ionization must be
incorporated to accurately predict junction behavior, especially for optical photovoltaic converters, high-power LEDs,
and high-voltage GaN devices operating below room temperature. Overall, Figure 5 highlights the asymmetry between
acceptor and donor ionization: n-type regions maintain robust capacitance due to nearly complete Si ionization, while p-
type regions exhibit strong temperature-dependent reductions in capacitance. This behavior directly impacts depletion
width, junction voltage, and charge storage, reinforcing the necessity of including temperature- and dopant-dependent
ionization effects in GaN device simulations.
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CONCLUSIONS

This study quantitatively demonstrates the critical impact of incomplete dopant ionization on the electrostatic and
capacitance—voltage (C—V) characteristics of GaN p—n junctions using SCAPS-1D simulations. The analysis was carried
out over doping concentrations ranging from 10'° to 10'® cm™ and temperatures between 77 K and 400 K, incorporating
both deep acceptors (Mg, Zn, Be) and shallow donors (Si, O, S).

The results show that incomplete ionization of deep acceptors, particularly Mg with activation energies of
approximately 120—-160 meV, leads to significant carrier freeze-out at low temperatures. For a representative doping level
of 5x10'7 em™, the junction capacitance decreases from about 3.2 pF at 400 K to 1.5 pF at 77 K, corresponding to a
reduction of approximately 53%. In more extreme cases, the overall reduction in capacitance can reach ~60% at cryogenic
temperatures. This reduction is accompanied by a decrease in the built-in potential and an increase in the depletion width
due to the reduced free-hole concentration.

In contrast, n-type donors with lower activation energies (~20—32 meV) remain nearly fully ionized across the entire
temperature range (77-400 K), showing minimal impact on carrier availability. The bandgap variation modeled using the
Varshni relation exhibits strong agreement (R? = 0.9721), ensuring accurate temperature-dependent simulation results.

Importantly, conventional models that neglect incomplete ionization significantly overestimate junction capacitance,
particularly in heavily Mg-doped structures (=10'7 cm™). This leads to inaccuracies in predicting device performance,
especially for applications operating under low-temperature or high-radiation conditions.

Although the study is limited to a one-dimensional SCAPS-1D framework, it captures the essential physical trends
and provides reliable insight into the role of dopant ionization. The findings clearly indicate that incorporating
temperature- and doping-dependent ionization effects is essential for accurate modeling and optimization of GaN-based
optical photovoltaic converters, which have demonstrated efficiencies up to 79.6% at 10 W/cm?, as well as for high-power
and radiation-resilient electronic devices operating across extreme environments.
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MOJIEJTFOBAHHS BILIMBY HEIIOBHOI IOHIBAIII TOMIIIOK HA BBYOBAHUI HOTEHIIAJ I BOJIBT-
DAPAJIHI (C-V) XAPAKTEPUCTHUKH p—n IIEPEXOAIB GaN: JOCILPKEHHS 3A JOITIOMOI' OO SCAPS-1D
JTixomkin 11 A6ayanaes?, LB. Canaes?, TxoniGex III. Aoaysinaes’, I.A. Adaukaimosa’, IILIIL. Axmagaiies?,

M.M. I'yiomogra®, II.O. XoaoexosS, Kyapar III. Py3smeros®
! Inemumym gynoamenmansnux ma npukiaduux oocniocens, Hayionarvnuii docrionuywkuii ynieepcumem « TIHTAMEy,
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’Hayionanenuii docnionuyoxuti ynieepcumem THAME, izuxo-ximivnuii paxynomem, Tawxenm, Y3bexucman
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HenoBHa ioHi3awis JOMIIIOK Yy HAIiBIIPOBIJHUKAX i3 IIMPOKOIO 3a00POHEHOI0 30HOIO Biirpae KPUTHYHY POJb y BU3HAYCHHI
KOHIIEHTpALil HOCIIB 3apsjy, eJeKTPOCTaTHYHHUX BJIACTUBOCTEH i 3araJibHOI MPOAYKTUBHOCTI NMPUCTPOIB; OAHAK ii BIUIMB Ha p—n
nepexoqn GaN st onTnuHHX (oToBONbTaiyHMX meperBopoBadiB (OPC) 3anmimaeTbcss HENOCTaTHBO BHUBYCHHM. Y 1iH poOOTi
BuKopucTano MoaentoBanHs SCAPS-1D s cucteMaTndHOro J0CTipKeHHs p—n niepexoaiB GaN i3 TpboMa P-THIIOBUMH aKIEITOPaMU
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(Mg, Zn, Be) i TppoMa n-tunoBumu goHopamu (Si, O, S) y aianasoni konuentpauiit serysanus 10'°—10"® cm2 i remmneparyp Bin 77 K
10 400 K. TemmneparypHa 3ae)XHICTh LIMPUHK 3a00pOHEHOT 30HH OIHMCYETHCS 3a OMOMOTOI0 criBBigHouIeHHs: Bapuini (R? = 0,9721),
TOZI SIK 10HI3aLlisl TOMILIOK MOJIEIIOETHCS K (DYHKIIIS TEMIepaTypH Ta PiBHI JIETyBaHHsI U BpaxyBaHH ii BIUTHBY Ha PO3IMOALT HOCIIB,
BOynoBaHuit moteHuian i Bonsr-apansi (C—V) xapakrepuctiku. Pe3ynbrati JeMOHCTPYIOTh CYyTTEBE 3MEHILCHHS €MHOCTI IEPEX0y
3a HIDKYHMX TeMIIepaTyp depe3 HeloBHY ioHi3awito akientopis. [yt xapakTepHOro piBHsi jieryBanHs 5% 10'7 cM™® eMHICTh 3MEHIIIY€ThCS
npu6an3so 3 3,2 nd npu 400 K o 1,5 n® npu 77 K (=53% 3HMKEHHS), 1110 IEPEBAKHO 3yMOBJICHO YaCTKOBOIO 10HI3ALlI€I0 aKLENTOPIB
Mg, Tozi sk JOHOPHI JOMIIIKHY 3aJIMIIAIOTHCS Maibke NOBHICTIO i0Hi30BaHMMHU. Lli pe3ynbraTi MOKa3yloTh, 0 TPAAULIAHI Moze, sSKi
ITHOPYIOTh HEINOBHY 1OHI3aIlif0, CYTTEBO MEPEOIIHIOITh €EMHICTh MEPEXOAy 3a HU3BKHUX TeMmreparyp. Xoda aHami3 0asyeTbcs Ha
OJJHOBUMIpHIiH MOJIeIi, BiH Hagae Gi3n4HO y3ro/pKeHe PO3yMiHHS POl NIMOOKHUX TOMIIIKOBHX PIiBHIB 1 3aKJ1aiac OCHOBY JJIst MAaiOy THIX
6araroBumipanx TCAD-gocnimkenb. Lle moCmimKeHHs MiAKPECIoe HeoOXiIHICTh ypaxyBaHHs e(eKTiB HEMOBHOI i0Hi3amii i yac
MPOEKTYBaHHS Ta ONTUMi3alii BUCOKOCPEKTUBHUX, CTiMkux n0 paniarii OPC Ha ocHoBi GaN, 1[0 MpaioTh B €KCTPEMATbHUX
YMOBaXx.

KuarwuoBi cioBa: GaN; ionizayisi domiwiox; Henogna ionizayis, onmuyti pomosonvmaiuni nepemeoprosaui (OPC); memnepamypro-
3ANENHCHA AKMUBAYIsi HOCIIB, 80NbM-PAPAOHT XapaKmepucmuku,; 86y008aHull NOMeHyial, wWupoko3onti Hanienposionuku (WBG);
padiouacmomui XapaKmepucmuxu





