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ANALYTIC ANALYSIS OF THE FEATURES OF GaAs/Si RADIAL HETEROJUNCTIONS:
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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 pm and shell n-GaAs with a radius of 1 pm 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 AEc=0.04 eV and the valence band offset AEv=0.27eV were calculated at 300 K. When the
doping concentration changes from 2-10'° to 2-10'® 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 um and a shell of n-GaAs with a radius of 1 pm 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 d, , =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, &,&,,,, are and dielectric constant of the Si and GaAs respectively, € =8.85-10"* F-m™" 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).

m,,, =m@®)-(1+ B, (T -6)) ©))

Where, m(6) is mass , f3,, is the temperature coefficient of the effective mass (which can be determined

experimentally or from theoretical models). 6, and 6, 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, oe*and ee” represents the densities of ionized N, donor and N acceptor atoms
respectively, at the interface of the radial p-n heterojunction within the depletion region. If full ionization case N, =N,
N, =N,.InFigure 1, the interval 0<r <r, represents the p-type quasi-neutral region (QNR), the interval r, <r<r,
represents the depletion region in the radial p-n heterojunction junction, the interval», <r» <2R represents the n-type

quasi-neutral region (QNR). In heterojunctions, there are differences in the conduction band AE¢ and valence band AEy
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).

AE (T,n, p) = AE (T) = AEyq (n, p) 3)

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

Ay (1, p) = AN + BN +CN + DN 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).

(n,p)J )

;t(T,n,p)=;to—a-(T—%)+/1~ln[—
Neﬁ

The energy levels AEc and AEy 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.

AE,(T)=AE, (0)+T'(7GaAs - 7Sz‘) (6a)
AE.(T)=AE,(T)+AE,(T) (6b)

Here, y is a coefficient that describes how the valence band shifts with temperature. ¥, , 7 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
n-type p-type n-type p-type
A 1.02:10° 1.11-10° 1.65-10° 9.77-10° eVem
B 415107 479107 238107 387107 eVem#
C 1451072 323102 1.83-10°1 341102 eVem??
D 1481072 1.81-1072 725101 484105 eVem??

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):

0,(T)= AL, (T)—%TMM) ™

MiGans * Misi

Here, k is the Boltzmann constant, T is the absolute temperature in Kelvin, q is the charge of an electron, Na and Np
are acceptor and donor concentrations respectively, nis; and nicaas 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.
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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 0.46m. and hole mass at 0.29 me, both rising
gradually. For GaAs, electrons have a lower effective mass, starting around 0.067m., while holes begin at 0.5m. and
exhibit a more pronounced increase with temperature.
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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.
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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 AEgsnSi(p) and
AEgonGaAs(n). The blue curve represents AEggnSi(p), which increases from approximately 103 to 10?° cm™ as hole
concentration p rises. In contrast, the red dashed line represents AEggnGaAs(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.
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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.



208

EEJP. 1 (2025) Jo ‘shqin Sh. Abdullayev, et al.
0.35 T T 1.8
= == Built-in Potential

g Band Gan Diff
:; — HNL T8 Hierences 1 f‘; .
o =
] e
g 0.32 | E‘
¢ 114 =
i 5
(S A~
=" .~ 112 =
@ * T
&) > =
= N . =
g 0.28 o1 P
[as] s

0.26 L L x.]

all 100 200 00 A00 E![](!lj

Temperature (K)

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 AEc is calculated at 0.04 eV, while the valence band offset AEv 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.
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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 #,(7) values, indicating greater

thermal sensitivity compared to Si. Here, majority carrier concentration p, =n, =N, =N, = 2-10"cm™ , minority
carrier concentration p, =n’ /N, and n, =n?/N,. Here, n,=1.7-10°cm™ is the intrinsic concentration, for GaAs,

n, =1.5-10"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.
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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 um
and a shell radius of 1 um, 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 AEc = 0.04 eV
and the valence band offset at AEy = 0.27 eV. Additionally, our analysis showed that band gap narrowing (BGN) decreases
by 2 meV as doping concentrations increase from 2-10' to 2:10'8. 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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AHAJITHYHAA AHAJII3 OCOBJIMBOCTEM PAIIAJIbHUX TETEPOIIEPEXO/IIB GaAs/Si: BIINB
TEMIOEPATYPHU TA KOHIIEHTPAITIT
Hoxomkin 1. Adaynaes?, Iopoxiv B. Canae®®
“Hayionanohuii docnionuyvkuil ynisepcumem TIIAME, gizuxo-ximiunui gpaxynomem, Tawxenm, Y30exucman
b3axiono-Kacniticoxuiil ynisepcumem, baxy, Azepbaiiocar

V wiif crarTi MM aHANITHYHO JOCITIIKYEMO eleKkTpo(i3uuHi 0coOIMBOCTI pajaianbHOrO rereporepexony p-Si/n-GaAs y amiama3oHi
temneparyp Bix 50 K 1o 500 K 3 xpoxom 50 K, BpaxoByroun pi3Hi KOHIIEHTpaii JIeryBaHHS. AHaJi3 OXOIUIIOE 3BY)KEHHS €HEPreTUIHOL
LIUTHHMY, PI3HULIO B eHepreTHyHil mimmHi Mk GaAs 1 Si sk QyHKIII0 TeMneparypH, a Takok BOYIOBaHHMI ITOTEHINAJ 3aJICKHO Bif
TeMIeparypu. 30KpemMa, MH 30CepeIlKyeEMO yBary Ha sipi 3 p-Si 3 pamiycom 0,5 MM Ta obononIi 3 n-GaAs 3 pamiycom 1 MKM y
cTpykTypi. Hami pe3ynsTaTs MokasyioTs, II0 TOBIIMHA o0acTi 301 HeHHs B p-Si/n-GaAs 30UIBIIYETECS 31 3pOCTaHHIM TEMIIEpaTypH.
PisHuist enepreruynoi mimuman Mik GaAs i Si cranoButh 0,31 eB mpu 300 K y wmamiit mozeni, mo mo0pe y3rokyerhcs 3
eKCIIEpUMEHTAIBHUMU pe3ynsraraMu. Kpim Toro, 3cyB 3ouu npoBigHocTi AEc=0,04 eB Ta 3cyB BanentHoi 30Hu AEv=0,27 ¢B Oynu
o6umcyeni npu 300 K. Tlpu 3mini koHueHTpauii jerysanns Big 2-10'5 mo 2-10'® 3pyskeHHs eHEPreTMUHOT IIIMHY 3MEHIIYETHCS Ha
2 meB. JlonarkoBo, BOynoBanuii notenuian p-Si/n-GaAs 3MeHIIyeTbest Ha 76 MB 3i 301IbLICHHAM TeMIEPATypH.

KurouoBi ciioBa: padianvruii p-n nepexio; ceimiosa nacmka,; 308HiWHI pakmopu, 80nem-gapad; eemepocmpykmypu, paodiaibHuil
2emeponepexio, 38YHCeHHs eHePeeMUYHOT WIUHU, KPIO2EHHI meMnepanypu



