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In this study, we analyze and model the recombination mechanisms in radial p-n junction structures composed of Si and GaAs over a
temperature range of 250 K to 500 K, in 50 K increments. Using both analytical and computational modeling techniques, we examine
the effects of doping concentration, core and shell radius, and external voltage on charge carrier behavior and recombination
mechanisms. Our analysis focuses on core radii of 0.5 um and 1 um, with a total structure height of 4 um. The external voltage varies
from 0 to 2 V, and the doping levels are set to p =2x10' cm™ and n = 2x10'” cm . A comparative analysis of Si and GaAs highlights
their respective advantages in semiconductor applications: Si offers cost-effectiveness and stability, while GaAs exhibits superior
electron mobility and radiative recombination efficiency. Additionally, we investigate the influence of external voltage on
recombination mechanisms, revealing that GaAs has a higher rate of surface and radiative recombination compared to Si, which is
more affected by Auger recombination at high doping levels. These findings provide valuable insights into optimizing material selection
for high-performance optoelectronic and photovoltaic devices.
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INTRODUCTION

In recent decades, significant research efforts have focused on developing advanced photovoltaic (PV) architectures
to enhance energy conversion efficiency while minimizing fabrication costs. Among the various strategies employed, the
integration of micro- and nanostructured materials in radial p-n junction configurations has emerged as a promising
approach [1-2]. Compared to conventional planar structures, radial p-n junctions offer several advantages [3-5], including
an increased junction area for charge separation [6,7], improved carrier transport due to shorter diffusion lengths [8,9],
and enhanced internal and external quantum efficiency [10-12]. Additionally, the orthogonal alignment of light absorption
and carrier transport in radial p-n junctions supports high-frequency operation [13,14], making them highly suitable for
high-speed electronics [15,16] and wireless communication systems [17].

As a result, radial p-n junctions have been widely adopted in cutting-edge semiconductor technologies, including
two-dimensional transistors [18], nanowires, and particularly radial p-n and p-i-n junction structures [19]. Over the past
two decades, these junctions have gained increasing attention due to their superior optical and electronic properties,
positioning them as ideal candidates for various applications such as photodiodes [20], optical sensors [21], thermal and
photovoltaic detectors, and high-efficiency solar cells [22].

Despite their numerous advantages, the efficiency of radial p-n junctions is fundamentally constrained by
recombination mechanisms, which play a pivotal role in charge carrier dynamics and overall device performance.
However, while recombination processes have been extensively studied in planar and bulk semiconductor structures, their
impact in radial p-n junctions remains relatively underexplored. A comprehensive understanding of these recombination
pathways is essential for optimizing device efficiency and unlocking the full potential of radial p-n junction-based
technologies.

METHODS AND MATERIAL
2.1 Materials and geometric parameters
In this study, we focus on core radii of 0.5 um and 1 um within the structure. The height of the structure, as shown
in Figure 1, z is 4 um. The temperature range is considered from 50 K to 500 K in increments of 50 K. An external voltage
ranging from 0 to 2 V is applied, and the doping concentrations are set to p =2 x 10’ cm™ and n =2 x 10" cm™. We
selected Si and GaAs as the materials for this analysis due to their well-established use in semiconductor devices, this
structure has been previously used in our research papers [31]. Si is widely utilized in microelectronics and solar cells
because of its abundance, cost-effectiveness, and stable material properties. In contrast, GaAs offers superior electron
mobility, direct bandgap properties, and high efficiency in optoelectronic applications such as LEDs, laser diodes, and
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high-speed electronics. By comparing these two materials, we aim to evaluate their performance under different structural
and temperature conditions. Where r denotes the radial dimension, + and — represents the densities of ionized N donor

and N acceptor atoms respectively, at the interface of the radial p-n junction within the depletion region. If full ionization
case N, =N,, N, =N,. InFigure 1 b), the interval 0 <r <r, represents the p-type quasi-neutral region (QNR), the
interval 7, <r <r, represents the depletion region in the radial p-n junction, the interval r > r, represents the n-type quasi-
neutral region (QNR).

Figure 1. Schematic representation of the radial p-n junction: (a) 3D structure and (b) 2D cross-sectional view

2.2 Recombination models

The radial p-n junction structure has the potential to surpass the Shockley-Queisser limit due to its unique geometric
configuration, which enhances charge carrier collection and light absorption compared to conventional planar p-n
junctions. However, despite this theoretical advantage, efficiency can be significantly constrained by various
recombination mechanisms. These recombination processes, such as Shockley-Read-Hall (SRH) recombination, surface
recombination, radiative recombination, and Auger recombination, lead to carrier losses, thereby reducing the actual
device performance below the theoretical maximum. A thorough understanding of these recombination pathways is
crucial for optimizing the efficiency of radial p-n junction-based optoelectronic and photovoltaic devices.

In this work, we studied the main recombination effects, namely Auger recombination, Shockley-Read-Hall (SRH)
recombination in the bulk, surface recombination, and optical generation/radiative recombination. These different
recombination effects, along with total recombination, are related as follows (1):

R +R,,+R

Total = RSRH + RAugz’r Rad Sur * (1)

If we consider R ~ 1/7, equation (1) can be expressed in terms of the lifetime ( 7 ), obtaining a total effective lifetime
( 7y, ) as follows (2):
1 1 1 1 1 1 1

= + + +—= +—. 2)
TTmal TSRH TAuger TRad TSur Tbu/k TSur

bulk

The carrier lifetime varies depending on the recombination mechanism. Radiative recombination lifetime is
inversely proportional to carrier concentration and governed by the radiative recombination coefficient. SRH
recombination depends on defect density and carrier capture cross-sections. Auger recombination lifetime decreases with
increasing carrier concentration due to carrier-carrier interactions. Surface recombination is influenced by surface
recombination velocity and material thickness. Understanding these mechanisms is crucial for optimizing semiconductor
device performance. The band gap diagram of a semiconductor, illustrating different recombination mechanisms
involving electrons and holes, is shown in Figure 2. Each recombination mechanism is explored in the following
subsections. Additionally, the next subsection presents a brief overview of the recombination effects examined in this
study, aiming to enhance the comprehension of the obtained results.

Table 1. Comparative Analysis of Si and GaAs in Radial p-n Junctions

Property Si Radial p-n Junctions GaAs Radial p-n Junctions
. Moderate . e
SRH Recombination (depends on defects) High (due to sensitivity to defects)
Auger Recombination Significant at high doping More dominant at high injection levels
Radiative Recombination Negligible Strong (due to direct bandgap)
Surface Recombination Moderate High (due_ to h igher su.rface
recombination velocity)
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Figure 2. Possible recombination mechanisms in semiconductors include: (a) band-to-band radiative recombination, (b) nonradiative
recombination through defect states (SRH recombination), (c) nonradiative Auger recombination, and (d) surface recombination

2.2.1 Shocley-Read-Hall and Surface recombination

In Shockley-Read-Hall (SRH) recombination, a charge carrier transitioning between energy bands is captured by a
trap—an energy state introduced by a defect or a dopant. The trapped carrier then releases energy through phonon
interactions. This process is predominant in indirect bandgap materials but can also become significant in direct bandgap
semiconductors when a high density of traps is present.

For our simulations, we employed the SRH lifetime model, which accounts for concentration-dependent carrier
lifetimes since it is also influenced by impurity concentration (Roulston et al., 1982; Law et al., 1991; Fossum and Lee,
1982). Based on this, SRH recombination is described by the following equation (Hall, n.d.):

RSRH — p n- 7/" ’ }/P ) nl%"ff’ (33)
" Tp'(”+}/n'n1)+7n'(p+7p'p1)
2
p-n—n;
RSRH ieff )
Sur,net (I’l +n1) N (p+ pl) (3b)
S S

p n

Where, 7, =4.4-10™ s and 7, =2.2-10™" s life time for carrier charge, S, and S, surface recombination velocity.

2.2.2 Auger recombination
In this recombination process, an electron and a hole recombine without emitting a photon. Instead, the released energy
is transferred to another electron, which is excited to a higher energy level. This excited electron subsequently relaxes
back to the conduction band through thermal dissipation (Selberherr, 1984). This model becomes significant at high
current densities and elevated carrier concentrations, such as those observed at UH levels. The standard Auger
recombination is described by the following equation (Dziewor and Schmid, 1977):

Ry =(C,on+C,p)p-n—nly). “

net

Where n and p represent the electron and hole concentrations, respectively, n, . is the intrinsic concentration, C,

ieff

and C, are the Auger coefficients for electrons and holes, respectively.

2.2.3 Optical generation/radiative recombination

In this mechanism, photon transitions must be considered for generation and recombination processes. It is a direct
process because it occurs in a single step. During radiative recombination, an electron loses energy and transitions from
the conduction band to the valence band, emitting a photon with energy similar to the bandgap. In optical generation, an
electron moves from the valence band to the conduction band. Radiative recombination is the dominant recombination
mechanism in direct bandgap materials, such as GaAs, and in narrow-bandgap semiconductors. However, in indirect
bandgap materials, this process is very weak and can often be neglected. This model, also known as band-to-band
recombination, can be described by equation (5), where the total band-to-band generation/recombination is determined

by the difference between the capture rate and the emission rate processes.
RR”d=CRad-(p-n—nlquf). )

net

Where, Cy,, =1.5-10"" cm’ /s means the capturerate. The analysis results for each of these recombination effects are

=1.5-10cm™ for Si, n,,, =1.5-10cm™ for GaAs.

presented in Table 1. In all recombinations , .
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RESULTS AND DISCUSSION
The distribution of recombination rate in the radial direction obtained from the model developed for radial p-n
junction structures made of Si and GaAs is presented and analyzed in Figure 3 and Figure 4 in this section. In Figure 3,
for R = 0.5 um, the external voltage is set to 0.2 V and 0.4 V, while the temperature is varied from 250K to 500K in steps
of 50K. Thus, the model indicates that in Si material, the recombination process occurs both in the depletion region and
the electrically neutral regions, but it is shown to proceed at a higher rate in the depletion region. In contrast, in GaAs

material, the recombination rate remains low in the electrically neutral regions 0 <7 <r, and r>r,. For radial p-n

junctions made of Si and GaAs, the recombination rate is higher in the depletion region 7, <r <7, for both materials.
However, GaAs exhibits a higher maximum recombination rate compared to Si.
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Figure 3. Recombination rate distributions as a function of radial dimension over a temperature range from 250 K to 500 K for (a)
Si and (b) GaAs at R=0.5 pm

As the radius decreases, the core region becomes fully depleted, leading to a disruption of internal neutrality. As a
result, the recombination rate increases due to the enhanced depletion effect in smaller-radius structures.

In this case, the performance of radial p-n junction structures can vary depending on their application field, as the
recombination behavior is strongly influenced by the radius reduction. Figure 4 compares the recombination rates for
R =1 pm in two cases: (a) for Si, (b) for GaAs

The results show that in both materials, the maximum recombination rate decreases as the radius decreases. This

suggests that smaller-radius structures exhibit higher recombination rates, while larger-radius structures tend to have
lower recombination peak values.
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Figure 4. Recombination rate distributions as a function of radial dimension over a temperature range from 250 K to 500 K for (a)
Si and (b) GaAs at R=1 pm

The analysis of recombination rate distribution in radial Si and GaAs p-n junction structures reveals the following
key points. In Si material, recombination occurs in both the depletion and electrically neutral regions, but it is more
dominant in the depletion region. In GaAs material, the recombination rate in the electrically neutral region is lower
compared to the depletion region. The depletion region exhibits high recombination rates for both materials, but GaAs
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shows a higher peak recombination rate than Si. As the radius decreases, the core region becomes fully depleted, leading
to a loss of internal neutrality and an increase in the recombination rate. In Figure 4, for R = 1 um, the recombination
rates for Si and GaAs are compared, showing that as the radius decreases, the maximum recombination rate also decreases.
These findings suggest that the performance of radial p-n junction structures depends on the application, as the
recombination behavior varies with radius and material properties.

CONCLUSIONS

This study presents a detailed analysis of radial p-n junction structures based on Si and GaAs, emphasizing their
distinct electrical and recombination characteristics. The temperature increase from 250 K to 500 K significantly
influences charge storage and recombination dynamics, with GaAs exhibiting higher radiative and surface recombination
rates due to its direct bandgap and elevated surface recombination velocity. In contrast, Si is more susceptible to Auger
recombination at high doping levels. Furthermore, the effects of external voltage on recombination mechanisms
underscore the necessity of carefully selecting material and structural parameters for specific semiconductor applications.
These findings provide valuable insights for optimizing high-performance optoelectronic and photovoltaic devices,
paving the way for advancements in material engineering and device design to enhance efficiency and reliability.
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POJIb TUIIIB PEKOMBIHAIII Y MEXKAX EGEKTUBHOCTI PAJIIAJIBHUX p-n IIEPEXO/IB HA OCHOBI Si TA GaAs
Txomkin 1. A6aysnaes?, Iopoxiv B. Canaes®>%f, Capnop P. Kaaupos®
“Hayionanenuii docnionuyvkuil ynieepcumem TIIAME, kagpedpa izuxu ma ximii, Tawxenm, Y30exucman
b3axiono-Kacniticoxuii ynisepcumem, baxy, Asepbatiodcan
¢Vpeenucwruil deporcasnuil ynisepcumem, Ypeenu, Ysbexucman
4Baxuncwruii €epasiticokuil ynieepcumem, baxy, Apuzona 1073, Azepbaiiocan
¢lJenmpanvroasziamcokuil ynigepcumem y Tawxenmi, Y36exucman

VY 1boMy JOCTIPKEHHI MU aHAITI3yEMO Ta MOZACIIOEMO MEXaHi3MH peKOMOIHaLIT B paiajbHUX P-N Mepexoax, o CKIaAalThes 3 Si Ta
GaAs, y temneparyprHoMy nianasosi Bix 250 K mo 500 K 3 kpokom 50 K. BukopHCTOBYIOUH SIK aHAJIITHYHE, TaK i KOMITIOTEpHE
MOJICTIFOBaHHS, MU BHBYa€MO BIUTUB KOHLIEHTpPALii JOMIIIOK, paaiycy siapa Ta 000JOHKH, a TAKOXK 30BHIIIHBOT HAMIPYTH HA TOBEIIHKY
HOCI{B 3apsmy Ta MexaHi3Mu pexoMOinarii. Ham anamiz ¢okycyeTbes Ha pamiycax sapa 0,5 MkM i 1 MKM, MpH 3araibHiil BHCOTI
CTPYKTypH 4 MKM. 30BHIIIHS Hanpyra BapitoeTbes Bix 0 mo 2 B, a piBHI JeryBaHHs BCTaHOBIEHI K p = 2x10' cMm > in = 2x10" cm>.
IopiBusmbHUE anami3 Si Ta GaAs BUCBITIIOE IXHI BINIOBIZHI IlepeBard B HAIIBIIPOBIJTHUKOBHX 3aCTOCYBaHHSX: Si 3abe3medye
EKOHOMIYHICTh 1 cTabiibHIiCTh, ToAi sk GaAs NEMOHCTpye Kpally PYXJIMBICTH €JIEKTPOHIB i BHCOKY €(EeKTHBHICTH pamiariifHOl
pexomGinarii. JoaaTkoBo, MU TOCIIIXKYEMO BILUTUB 30BHINIHLOT HATIPYTH HA MEXaHI3MHU peKoMOiHaIlii, BUSBIIAIOUH, 0 GaAs Mae BUIILY
LIBUKICTh ITOBEPXHEBOI Ta pajiauiiiHol pexomOiHauii, Tomi sk Si Ginmbuie cxmibHUA 10 Osxe-peKoMOiHaLii MPU BUCOKHUX PIBHIX
neryBanHs. OTpuMaHi pe3yibTaTH HaaloOTh LiHHY iH(opMamio a1 onTuMisamii BHOOpPY MaTepianiB y BHCOKOS(HEKTHBHHX
ONTOETEKTPOHHUX 1 (POTOCIEKTPUIHHIX MPHCTPOSX.

KurouoBi cioBa: padianvuutl p-n nepexio; c6imaioéa nacmkd, 306HIWHI (akmopu, pexomOiHayis, KOHYeHmpayis OOMIUOK,
memnepamypa



