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In this article, we analytically study the electrophysical features of the p-Si/n-GaAs radial heterojunction (RHJ) over a temperature 
range of 50 K to 500 K, in increments of 50 K while considering various doping concentrations. The analysis encompasses band gap 
narrowing (BGN), the differences in the band gap between GaAs and Si as a function of temperature, and the built-in potential relative 
to temperature. In particular, we focus on core p-Si with a radius of 0.5 μm and shell n-GaAs with a radius of 1 μm within the structure. 
Our findings indicate that the thickness of the depletion region in the p-Si/n-GaAs (RHJ) increases with rising temperature. The band 
gap difference between GaAs and Si is 0.31 eV at 300 K in our model, which is in good agreement with the experimental results. 
Additionally, the conduction band offset ∆EC=0.04 eV and the valence band offset ∆EV=0.27eV were calculated at 300 K. When the 
doping concentration changes from 2∙1015 to 2∙1018 band gap narrowing (BGN) decreases by 2 meV. Additionally, the built-in potential 
of the p-Si/n-GaAs (RHJ) decreases by 76 mV with increasing temperature. 
Keywords: Radial p-n junction; Light trap; External factors; Volt-farad; Heterostructures; Radial heterojunction (RHJ); Band gap 
narrowing (BGN); Cryogenic temperatures 
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INTRODUCTION 
The rapid progress in semiconductor electronics research has led to substantial advancements in the design, 

optimization, and functionality of modern devices. Key innovations, such as two-dimensional transistors [1], nanowires 
[2], and notably, radial p-n junction structures [3,4], have expanded the potential for nanoscale applications. Among these, 
radial p-n junctions offer distinct advantages over conventional planar configurations, particularly in submicron 
nanowires [5,6]. Over the past two decades, these structures have gained prominence due to their superior optical and 
electronic characteristics, making them highly suitable for applications in photodiodes, optical sensors [7], thermal 
detectors, photovoltaic detectors [8], and solar cells [9]. By optimizing light absorption and carrier collection, radial p-n 
junctions reduce optical losses, thereby enhancing energy conversion efficiency. Their perpendicular orientation for light 
absorption and carrier transport further supports high-frequency applications, including high-speed electronics and 
wireless communication. Radial junctions also play a critical role in high-speed photodetectors [10], avalanche 
photodiodes [11], photovoltaic devices, gamma-ray detectors [12], and infrared sensors [13,14], where their structure 
provides outstanding efficiency, speed, and sensitivity essential for advanced semiconductor applications. Given the broad 
application range of these junctions, a detailed investigation of their electrophysical properties particularly ionization 
processes and performance across diverse temperatures is crucial. Both theoretical modeling and experimental validation 
are necessary to achieve the high reliability and accuracy required for these devices. While radial p-n and p-i-n junctions 
have been widely explored, heterojunction structures are less extensively studied. Despite the development of new 
semiconductor materials, GaAs remain the primary material for optoelectronic devices, while Si continues to be the most 
widely used material due to its advanced technological development and abundance on the Earth's surface. From this 
perspective, the p-Si/n-GaAs (RHJ) has been selected for this study. This work addresses this gap by focusing on the p-
Si/n-GaAs (RHJ) structure, analyzing its electrophysical properties through theoretical and analytical methods. We apply 
mathematical modeling to investigate the behavior of the p-Si/n-GaAs (RHJ) under varying temperatures and external 
voltages, offering insights into its performance characteristics and potential for future applications. 

 
METHODS AND MATERIAL 

We have selected a core of p-Si with a radius of 0.5 μm and a shell of n-GaAs with a radius of 1 μm within the structure 
as the object of this work. Based on the operating temperature of semiconductor devices made from Si and GaAs, the 
temperature range was selected to be between 50 K and 500 K, in steps of 50 K. 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): 
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where, ,Si GaAsε ε are and dielectric constant of the Si and GaAs respectively, 12 1
0 8.85 10  F mε − −= ⋅ ⋅  electrical constant. 

Many articles have conducted theoretical work without considering the dependence of effective mass on temperature and 
electric field. To address these shortcomings, we calculated the dependence of the effective mass of electrons and holes 
on temperature using expression (2). 

 ( )*
( , ) ( , )( ) 1 ( )e h e hm m Tθ β θ= ⋅ + ⋅ −  (2) 

Where, ( )m θ  is mass , ( , )e hβ is the temperature coefficient of the effective mass (which can be determined 
experimentally or from theoretical models). GaAsθ and Siθ  are Debye temperature GaAs and Si respectively. 

 
Figure 1. This figure shows a 2D cross-section of the submicron radial p-n junction structures. The light gray area represents the n-

type GaAs region, the dark gray area represents the p-type Si region, and the very light gray area denotes the depletion region 

Figure 1 shows the cross-sectional view of the selected p-Si/n-GaAs (RHJ) sample, cut along the Z-axis. Where r 
denotes the radial 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).  In heterojunctions, there are differences in the conduction band ΔEC and valence band ΔEV 
at the interface, and these differences change with temperature and concentration. As a result, there is a difference in the 
band gap between Si and GaAs, as described by expression (3). 

 ( , , ) ( ) ( , )g g BGNE T n p E T E n pΔ = Δ − Δ  (3) 

Where, ΔEg(T) is the term that depends on temperature, and ΔEBGN(n,p) represents band gap narrowing, which is 
influenced by concentration, as described by expression (4). 

 3 4( , )BGNE n p A N B N C N D NΔ = ⋅ + ⋅ + ⋅ + ⋅  (4) 

where A, B, C, and D are material-dependent semi-empirical coefficients [15]; the values for Si and GaAs are provided 
in Table 1. The influence of temperature and concentration on electron affinity was also examined, as expressed by 
equation (5). 

 
( )

0 0

,
( , , ) ( ) ln

eff

n p
T n p T T

N
χ χ α λ

 
= − ⋅ − + ⋅   

 
 (5) 

The energy levels ΔEC and ΔEV are influenced by temperature. For instance, as temperature increases, the band gap can 
change, affecting the thermal generation of charge carriers and the performance of devices like diodes and transistors. 

 ( )( ) (0)V V GaAs SiE T E T γ γΔ = Δ + ⋅ −  (6a) 

 ( ) ( ) ( )C V gE T E T E TΔ = Δ + Δ  (6b) 

Here, γ  is a coefficient that describes how the valence band shifts with temperature. ,GaAs Siγ γ  are -0.006 and -0.001 eV/K 
respectively. 
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Table 1. Coefficients A, B, C, D for Si and GaAs materials 

Symbol Si GaAs Unit 

A n-type p-type n-type p-type eVcm 1.02∙10-8 1.11∙10-8 1.65∙10-8 9.77∙10-9 
B 4.15∙10-7 4.79∙10-7 2.38∙10-7 3.87∙10-7 eVcm3/4 
C 1.45∙10-12 3.23∙10-12 1.83∙10-11 3.41∙10-12 eVcm3/2 
D 1.48∙10-12 1.81∙10-12 7.25∙10-11 4.84∙10-13 eVcm3/2 

The electrostatic potential difference in the p-Si/n-GaAs (RHJ) varies with changes in the external source voltage, 
which can be expressed as follows (7): 
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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 concentrations respectively, niSi and niGaAs are intrinsic carrier concentrations of Si and GaAs 
respectively. The results obtained using the formulas and material parameters outlined above are presented in the Results 
and Discussion section, where the findings are analyzed in relation to the initial expectations. 

 
RESULTS AND DISCUSSION 

The effective mass significantly influences the movement of electrons and holes within the crystal. It varies with 
temperature, affecting their behavior. Figure 2 illustrates the changes in the effective mass of electrons and holes in Si 
and GaAs materials. 

 
Figure 2. Effective mass of electrons and holes in Si and GaAs as a function of temperature 

The plot illustrates the temperature dependence of effective masses for electrons and holes in silicon (Si) and gallium 
arsenide (GaAs) over a range from 50 K to 500 K. The effective mass of both carriers in each material increases slightly 
with temperature. In Si, electron effective mass starts at approximately 0.46me and hole mass at 0.29 me, both rising 
gradually. For GaAs, electrons have a lower effective mass, starting around 0.067me, while holes begin at 0.5me and 
exhibit a more pronounced increase with temperature.  

 
Figure 3. Electron affinity of p-Si and n-GaAs as a function of temperature. 
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Figure 3 illustrates that the electron affinity of both Si and GaAs decreases with varying doping concentrations over 
a temperature range of 50 K to 500 K. The electron affinity of GaAs is higher than that of Si up to 350 K, but beyond this 
temperature, the electron affinity of GaAs becomes lower than that of Si. Understanding the temperature- and doping-
dependent electron affinity of Si and GaAs is essential for optimizing band alignment, carrier transport, and device 
stability in semiconductor applications. This knowledge enables the precise design of heterojunctions, doping profiles, 
and materials selection, improving the performance and reliability of devices such as transistors, solar cells, and 
optoelectronic components. These trends reflect material-specific characteristics, with GaAs showing a significant mass 
disparity between electrons and holes, benefiting high-mobility and optoelectronic applications. Understanding these 
variations is critical for optimizing electronic and optical device performance across a range of temperatures. 

 
Figure 4. Band gap narrowing in Si and GaAs as a function of temperature. 

Figure 4 illustrates the conduction and valence band energies as functions of temperature for Si ∆EBGNSi(p) and ∆EBGNGaAs(n). The blue curve represents ∆EBGNSi(p), which increases from approximately 1015 to 1020 cm−3 as hole 
concentration p rises. In contrast, the red dashed line represents ∆EBGNGaAs(n), which follow a similar upward trend with 
electron concentration n. This comparison highlights the distinct energy characteristics of Si and GaAs across a broad 
range of carrier concentrations, providing crucial insights into their performance in semiconductor applications. 

 

 
Figure 5. Conduction and valence band energies of Si and GaAs as a function of temperature. 

Figure 5 illustrates the temperature dependence of conduction and valence band energies in Si and GaAs over the 
range of 50 K to 500 K, showing a decrease in both energy levels with increasing temperature. These changes significantly 
impact electronic properties, including band alignment and carrier dynamics. Understanding these variations is crucial 
for designing temperature-sensitive semiconductor devices, such as diodes, transistors, and heterojunctions, to ensure 
optimal performance across wide temperature ranges. The energies of the conduction and valence bands in Silicon and 
Gallium Arsenide exhibit a distinct dependence on temperature. Grasping these relationships is crucial for the effective 
design and optimization of semiconductor devices. Figure 6 demonstrates that the band gap and built-in potential of Si 
and GaAs decrease with increasing temperature, with GaAs showing a steeper decline in the band gap. These changes, 
influenced by material-specific properties, play a crucial role in the temperature-dependent behavior of semiconductor 
devices. These trends underscore the importance of temperature considerations in semiconductor device design. As both 
the band gap and built-in potential decrease, it becomes crucial for engineers to optimize device performance, especially 
in power electronics and optoelectronics, where thermal stability is vital. 
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Figure 6. Differences of Band Gap and Built-in Potential as a function of Temperature 

Figure 6 highlights the interplay between the band gap and built-in potential as a function of temperature, revealing 
their critical role in determining the electrical behavior of semiconductor devices. This understanding is vital for 
optimizing the performance of temperature-sensitive components like p-n junctions, LEDs, and solar cells. Our model 
indicates a band gap difference of 0.31 eV between GaAs and Si at 300 K, consistent with experimental data. The 
conduction band offset ∆EC is calculated at 0.04 eV, while the valence band offset ∆EV is 0.27 eV at the same temperature. 
The plot illustrates how temperature affects two critical semiconductor parameters: Band Gap Differences and Built-in 
Potential. As temperature rises from 50 K to 500 K, both the band gap and built-in potential decrease: Band Gap 
Differences, the band gap narrows from approximately 0.35 eV to 0.26 eV due to increased lattice vibrations and thermal 
excitation, which reduce the energy needed for electron transitions. A narrower band gap can increase intrinsic carrier 
concentrations, enhancing conductivity but also potentially causing unwanted leakage currents in high-temperature 
devices. Built-in Potential, the built-in potential decreases from about 1.66 V to 0.9 V, indicating a weakening of the 
internal electric field. This change suggests that thermal effects significantly influence charge carrier dynamics, 
potentially reducing the efficiency of devices reliant on strong potential barriers, such as diodes and transistors, in high-
temperature applications.  

This analysis highlights the need for further research into the mechanisms behind these temperature effects and their 
implications for specific device architectures. Figure 7 shows how the band gap for silicon (Si) and gallium arsenide 
(GaAs) changes with temperature from 40 K to 500 K. GaAs start with a higher band gap of 1.52 eV at 40 K, decreasing 
to about 1.35 eV at 500 K, indicating greater thermal sensitivity than Si. This temperature dependence in GaAs can affect 
its performance at high temperatures but still makes it ideal for optoelectronic applications due to its direct band gap, 
which benefits devices like LEDs and laser diodes. Overall, understanding these thermal properties helps in designing 
reliable devices optimized for Si’s stability or GaAs’s high-frequency and optical capabilities. 

  
Figure 7. Band gaps of Si and GaAs as a function of temperature 

Figure 8 shows that the intrinsic carrier concentration, for Si and GaAs rises exponentially from 50 K to 500 K due 
to thermal generation of carriers. GaAs, with its narrower band gap, reaches higher ( )in T  values, indicating greater 
thermal sensitivity compared to Si. Here, majority carrier concentration 16 32 10p n A Dp n N N cm−= = ⋅= = , minority 

carrier concentration 2
n i Dp n N= and 2

p i An n N= . Here, 6 31.7 10in cm−= ⋅  is the intrinsic concentration, for GaAs, 
10 31.5 10in cm−= ⋅  for Si at 300 K. This temperature-dependent behavior impacts conductivity, with higher temperatures 
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potentially affecting device stability. Si’s stability is ideal for general electronics, while GaAs’s thermal sensitivity and 
direct band gap make it well-suited for optoelectronic and high-frequency applications, especially in controlled settings. 
These insights are essential for optimizing device design across different thermal conditions. 

 
Figure 8. Intrinsic carrier concentration of Si and GaAs as a function of temperature. 

CONCLUSIONS 
In conclusion, our analytical study of the p-Si/n-GaAs radial heterojunction, specifically with a core radius of 0.5 μm 

and a shell radius of 1 μm, provides significant insights into its electrophysical features over a temperature range of 50 K 
to 500 K. We observed that the thickness of the depletion region increases with rising temperature, reflecting the complex 
dynamics within the heterojunction. At 300 K, the band gap difference between GaAs and Si was determined to be 
0.31 eV, which aligns closely with experimental data, while the conduction band offset was calculated at ∆EC = 0.04 eV 
and the valence band offset at ∆EV = 0.27 eV. Additionally, our analysis showed that band gap narrowing (BGN) decreases 
by 2 meV as doping concentrations increase from 2∙1015 to 2∙1018. Moreover, we found that the built-in potential of the 
p-Si/n-GaAs heterojunction decreases by 76 mV with an increase in temperature. These quantitative findings highlight 
the importance of considering both the geometric parameters and doping concentration in the design and optimization of 
radial heterojunctions, providing a solid foundation for future advancements in semiconductor device applications. 
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АНАЛІТИЧНИЙ АНАЛІЗ ОСОБЛИВОСТЕЙ РАДІАЛЬНИХ ГЕТЕРОПЕРЕХОДІВ GaAs/Si: ВПЛИВ 

ТЕМПЕРАТУРИ ТА КОНЦЕНТРАЦІЇ 
Джошкін Ш. Абдуллаєвa, Іброхім Б. Сапаєвa,b 

aНаціональний дослідницький університет TIIAME, фізико-хімічний факультет, Ташкент, Узбекистан 
bЗахідно-Каспійський університет, Баку, Азербайджан 

У цій статті ми аналітично досліджуємо електрофізичні особливості радіального гетеропереходу p-Si/n-GaAs у діапазоні 
температур від 50 К до 500 К з кроком 50 К, враховуючи різні концентрації легування. Аналіз охоплює звуження енергетичної 
щілини, різницю в енергетичній щілині між GaAs і Si як функцію температури, а також вбудований потенціал залежно від 
температури. Зокрема, ми зосереджуємо увагу на ядрі з p-Si з радіусом 0,5 мкм та оболонці з n-GaAs з радіусом 1 мкм у 
структурі. Наші результати показують, що товщина області збіднення в p-Si/n-GaAs збільшується зі зростанням температури. 
Різниця енергетичної щілини між GaAs і Si становить 0,31 еВ при 300 К у нашій моделі, що добре узгоджується з 
експериментальними результатами. Крім того, зсув зони провідності ∆EC=0,04 еВ та зсув валентної зони ∆EV=0,27 еВ були 
обчислені при 300 К. При зміні концентрації легування від 2∙1015 до 2∙1018 звуження енергетичної щілини зменшується на 
2 меВ. Додатково, вбудований потенціал p-Si/n-GaAs зменшується на 76 мВ зі збільшенням температури. 
Ключові слова: радіальний p-n перехід; світлова пастка; зовнішні фактори; вольт-фарад; гетероструктури; радіальний 
гетероперехід; звуження енергетичної щілини; кріогенні температури 


