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In this article, the electrophysical characteristics of GaAs/Si radial heterojunctions are studied analytically over a temperature range 
of 50 K to 500 K in increments of 50 K, considering various doping concentrations. The analysis encompasses band gap narrowing 
(BGN), built-in potential, the difference in band gap between GaAs and Si, and capacitance-voltage (C-V) characteristics. In 
particular, we focus on shell radii of 0.5 μm and 1 μm within the structure. We found that the thickness of the depletion region of 
the GaAs/Si radial heterojunction increases with rising temperature. When the doping concentration changes from 2∙1015 to 
2∙1018 BGN decreases by 2 meV. The charge capacity of the GaAs/Si radial heterojunction increases by 3 nF as the temperature 
rises from 50 K to 500 K. Additionally, the built-in potential of the GaAs/Si radial heterojunction decreases by 1.5 volts with 
increasing temperature. 
Keywords: Radial p-n and p-i-n junction; Light trap; External factors; Volt-farad; Volt-amper; Cryogenic temperatures 
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INTRODUCTION 
Over time, the ongoing surge in research on semiconductor electronic devices has led to significant advancements 

in their design, unique materials, optimization, and functionality. Key developments include two-dimensional 
transistors [1-4], nanowires [5], and notably, radial p-n and p-i-n junction structures [6,7]. Radial p-n junctions offer 
several advantages over traditional planar junctions, especially in submicron nanowire applications [8-11], including high 
internal and external quantum efficiency [12], low recombination due to short diffusion length [13], and a high surface-
to-volume ratio [14]. Over the past two decades, these radial junctions have gained popularity for their enhanced optical 
and electronic properties, making them ideal for applications such as photodiodes, optical sensors [15], thermal and 
photovoltaic detectors [16], and solar cells [17]. Their design minimizes optical losses through efficient light absorption 
and charge carrier collection, thereby enhancing energy conversion efficiency. Additionally, the perpendicular alignment 
of light absorption and carrier transport in radial p-n junctions supports high-frequency performance, making them 
suitable for high-speed electronics and wireless communication systems. 

Furthermore, radial junctions are integral to high-speed photodetectors [18], avalanche photodiodes [19], 
photovoltaic devices, gamma-ray detectors [20], and infrared sensors [21,22]. Their unique structural design provides 
superior efficiency, speed, and sensitivity [23], essential for various modern semiconductor applications [24]. Given their 
broad applications, it is crucial to investigate the electrophysical properties of these junctions, particularly ionization 
processes and their behavior across a wide temperature range. Both theoretical modeling and experimental validation are 
essential to ensure the reliability and accuracy of these semiconductor devices. 

While radial p-n and p-i-n junctions have been extensively studied, research on heterojunction structures remains 
comparatively limited. In this work, we have focused on the GaAs/Si heterojunction structure, analyzing its 
electrophysical features theoretically and analytically. Using mathematical modeling, we have analyzed the 
electrophysical characteristics of the n-GaAs/p-Si heterojunction structure to gain insights into its performance under 
varying temperatures and applied voltages. 

METHODS AND MATERIAL 
2.1 Material and Geometric Parameters 

Despite the development of new semiconductor materials, GaAs remains the primary material for optoelectronic 
devices, while Si continues to be the most widely used material due to its advanced development technology and 
abundance on the Earth's surface. Based on this perspective, Si and GaAs were selected for this study. Figure 1 shows the 
cross-sectional view of the selected radial p-n junction sample, cut along the Z-axis. We derived solutions for radial p-n 
junction structures with a p-type core radius of 0.5 μm and an n-type shell radius of 1 μm. Where r denotes the radial 
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dimension, e+ and e−•  represents the densities of ionized DN + donor and AN − acceptor atoms respectively, at the interface 
of the radial p-n heterojunction within the depletion region. If full ionization case D DN N+ = , A AN N− = . In Figure 1, the 
interval 0 pr r< <  represents the p-type quasi-neutral region (QNR),  the interval p nr r r< <  represents the depletion 
region in the radial p-n heterojunction junction, the interval 2nr r R< <  represents the n-type quasi-neutral region (QNR).   
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The interval p np nd r r r− = < <  represents the depletion region and this depends on temperature and external voltage and 
is represented by the expression (1): Where, ( )bi Tϕ  is the built-in potential of the radial p-n junction which is defined by 
the expression (3), ,Si GaAsandε ε  are dielectric constant of the Si and GaAs respectively, 12 1

0 8.85 10  F mε − −= ⋅ ⋅  electrical 
constant. Heterojunction p-n structures are essential for advanced semiconductor devices, as they enhance performance 
through optimized band alignment and reduced recombination. The depletion region width plays a crucial role in 
determining device efficiency by influencing charge carrier distribution, breakdown voltage, and overall performance, 
particularly in high-frequency and high-power applications. 

 
Figure 1. This figure illustrates a 2D cross-section of submicron radial p-n junction structures. The n-type GaAs region is represented 
by the light gray area, the p-type Si region by the dark gray area, and the depletion region is shown in very light gray 

Precisely understanding and controlling this width is critical for improving the functionality and reliability of 
heterojunction-based devices. Figure 2 illustrates how the depletion region varies with external voltage at different 
temperatures, based on the results derived from Equation (1).  

 
Figure 2. Temperature dependence of the depletion region thickness differences in the p-GaAs/n-Si heterojunction 

The band gap is indeed one of the most critical parameters in semiconductor materials, especially for heterojunctions 
like p-GaAs/n-Si. In such heterojunctions, the difference in band gaps between GaAs (about 1.43 eV) and Si 
(about 1.12 eV) at 300K, plays a significant role in their behavior and performance, particularly affecting charge carrier 
dynamics, recombination, and junction properties. This balance of properties in GaAs/Si heterojunctions supports a wide 
range of applications in high-speed electronics and optoelectronic devices. The (2) expression represents the change in 
the width of the band gap with temperature variation. 
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Where, (0)gEΔ  is differences of the band gap Si and GaAs at 0 K. GaAsθ  and Siθ  are Debye temperature GaAs and 
Si respectively. The Debye temperature can be calculated using the material's properties, but empirical values are often 
referenced. 

 ( ) ( ) ln( )A D
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q n n
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⋅
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Here, k is the Boltzmann constant, T is the absolute temperature in Kelvin, q is the charge of an electron,NA and ND 
are acceptor and donor concentration respectively, niSi and niGaAs  are intrinsic carrier concentrations of Si and GaAs 
respectively. The electrostatic potential difference in the radial p-GaAs/n-Si heterojunction varies with changes in the 
external source voltage, which can be expressed as follows: 

 ( )p n bi T Uϕ ϕ−Δ = − . (4) 

The charge capacity of the GaAs/Si radial heterojunction depends on the differences in electrostatic potential. The 
negative charge of the p-type acceptors is balanced by the positive charge of the n-type donors Q Q Q+ −= = . which is 
equal to the differential electric capacity derived from the change in charge with respect to voltage. The results of the 
analytical and mathematical expressions derived above are analyzed in the following section, along with proposed future 
expectations. Additionally, the obtained results have been calibrated. The charge capacity of the p-GaAs/n-Si 
heterojunction is expressed by equation (5) 
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RESULTS AND DISCUSSION 

In this section, the results are presented and analyzed. The analytical study of GaAs/Si radial heterojunctions over a 
temperature range of 50 K to 500 K provides significant insights into their electrophysical characteristics. One key finding 
is the observed increase in the depletion region thickness with rising temperature, while it decreases with increasing 
external voltage, as shown in Figure 2. This behavior is attributed to the intrinsic properties of the semiconductor materials 
involved. As temperature increases, thermal energy enhances charge carrier movement, effectively reducing the doping 
concentration within the depletion region. Consequently, a wider depletion width is required to maintain charge neutrality 
across the junction, which is critical for the heterojunction’s operation. 

The depletion region thickness in p-GaAs/n-Si heterojunctions is analyzed at various voltages, specifically -1 V and 
1 V, across different temperatures ranging from 50 K to 500 K in 50 K increments, as depicted in Figure 2. The results 
indicate that the depletion region thickness decreases with increasing voltage and temperature. Additionally, the potential 
barrier of the p-n junction is directly influenced by the depletion region thickness, leading to observable variations in the 
potential barrier. This dependence plays a crucial role in the functionality of devices such as thermosensors, photosensors, 
and solar cells. 

 
Figure 3. Bandgap narrowing as a function of logarithmic doping concentration in both n-Si and p-GaAs 

Another noteworthy result is the decrease in band gap narrowing (BGN) by 2 meV as the doping concentration 
increases from changes from 2∙1015 to 2∙1018. This trend indicates that higher doping levels enhance the screening of 
ionized impurities, effectively reducing the interactions responsible for BGN. The implications of BGN on device 
performance are significant, as a narrower band gap can lead to increased leakage currents, potentially degrading the 
efficiency of heterojunction-based devices such as solar cells and light-emitting diodes, as shown in Figure 3. 
Understanding the interplay between temperature, doping concentration, and band gap narrowing is crucial for designing 
high-performance GaAs/Si radial heterojunctions. The results of this study highlight the potential of GaAs/Si 
heterojunctions in advancing semiconductor technology. By leveraging insights into BGN and temperature effects, 
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manufacturers can design devices with improved performance, enhanced efficiency, and an extended operational range 
across various applications. 

 
Figure 4.  a) Temperature dependence of the band gap differences in the p-GaAs/n-Si heterojunction, 

b) The built-in potential of the p-GaAs/n-Si heterojunction varies with temperature from 50 K to 500 K 

Moreover, the decrease in built-in potential by 1.5 volts with increasing temperature provides crucial insights into 
the stability of the junction. The built-in potential is vital for determining the electric field strength within the depletion 
region, which influences carrier recombination and overall junction performance. 

The temperature dependence of the bandgap energy difference is also significant, as the bandgap decreases from 3.2 
eV at 200K to 3.0 eV at 300K, suggesting a bandgap narrowing effect. This phenomenon, commonly observed in 
semiconductors, results from increased lattice vibrations, as shown in Figure 4. 

As temperature rises, the reduced built-in potential may lead to increased thermal generation of electron-hole pairs, 
potentially elevating the reverse saturation current. This observation highlights the need for robust thermal management 
in device design, particularly for applications operating under varying thermal conditions. 

The results of this study emphasize the intricate relationship between temperature, doping concentration, and the 
electrophysical characteristics of GaAs/Si radial heterojunctions. The increase in depletion width, the reduction in 
bandgap narrowing, the enhancement of charge capacity, and the decrease in built-in potential collectively provide 
valuable insights into optimizing device performance across different thermal environments. 

Future work should focus on the experimental validation of these findings and exploring strategies to mitigate the 
adverse effects of temperature on the electrical characteristics of GaAs/Si radial heterojunctions, particularly for 
applications in high-performance semiconductor devices. 

 
Figure 5.  The charge capacity of the p-GaAs/n-Si heterojunction varies with external voltage over a temperature range from 50 K 

to 500 K, with the red line representing 50 K and the brown line representing 500 K 

The observed increase in charge capacity by 3 nF with rising temperature from 50 K to 500 K reflects the temperature 
dependence of the capacitance-voltage (C-V) characteristics in Figure 5. As temperature increases, carriers are thermally 
excited, increasing their availability for conduction and, subsequently, enhancing the overall capacitance of the device. 
This behavior is particularly significant in high-frequency applications where capacitance stability is essential. It suggests 
that GaAs/Si radial heterojunctions could be designed to operate effectively across a broad temperature range, although 
careful consideration must be given to temperature effects on other parameters such as leakage current and noise. 
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CONCLUSIONS 
In conclusion, this study provides a comprehensive analysis of the electrophysical characteristics of GaAs/Si radial 

heterojunctions across a temperature range of 50 K to 500 K, focusing on the effects of various doping concentrations 
and shell radii of 0.5 μm and 1 μm. Our findings reveal that the depletion region thickness increases with temperature, 
indicating enhanced charge distribution within the junction. Notably, the band gap narrowing (BGN) was found to 
decrease by 2 meV as the doping concentration varied from 2∙1015 to 2∙1018, highlighting the influence of doping on 
electronic properties. Furthermore, we observed an increase in charge capacity by 3 nF with temperature elevation, which 
signifies improved device performance at higher thermal conditions. Conversely, the built-in potential experienced a 
notable decrease of 1.5 volts as temperature increased, suggesting a reduction in the energy barrier for charge carriers. 
These insights into the temperature-dependent behavior of GaAs/Si radial heterojunctions contribute valuable knowledge 
for the design and optimization of semiconductor devices operating in varying thermal environments. 
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У цій статті аналітично досліджуються електрофізичні характеристики радіальних гетеропереходів GaAs/Si в діапазоні 
температур від 50 K до 500 K з кроком 50 K, з урахуванням різних концентрацій домішок. Аналіз охоплює звуження зони 
провідності (BGN), вбудований потенціал, різницю в ширині забороненої зони між GaAs та Si, а також характеристики 
ємності-напруги (C-V). Особливу увагу приділено оболонковим радіусам 0,5 мкм та 1 мкм у цій структурі. Було виявлено, що 
товщина збідненої області радіального гетеропереходу GaAs/Si збільшується з підвищенням температури. Коли концентрація 
домішок змінюється з 2∙1015 до 2∙1018, BGN зменшується на 2 meV. Ємність радіального гетеропереходу GaAs/Si збільшується 
на 3 nF при підвищенні температури з 50 K до 500 K. Крім того, вбудований потенціал радіального гетеропереходу GaAs/Si 
зменшується на 1,5 вольта з підвищенням температури. Отримані аналітичні результати були порівняні з експериментальними 
даними та відкалібровані. 
Ключові слова: радіальні p-n та p-i-n переходи; світлова пастка; зовнішні фактори; вольт-фарад; вольт-ампер; кріогенні 
температури 

 


