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In recent years, advances in optoelectronics and electronics have prioritized optimizing semiconductor device performance and
reducing power consumption by modeling new semiconductor device geometries. One such innovative structure is the radial p-n
junction structure. In this work, we present a concept that submicron three-dimensional simulations were conducted on radial p-n
junction structures based on GaAs material to investigate the influence of temperature ranging from 250K to 500K with a step of 50K
on the electrophysical distribution, such as space charge, electro-potential, and electric field, in radial p-n junction structures, as well
as various forward voltages. In particular, we focus on the shell radius within the structure: 0.5 pm and 1 um for the shell. The modeling
results were compared with the results obtained from solving the theoretical Poisson equation in the cylindrical coordinate system.
Keywords: Core-shell; Radial p-n junction; Cylindrical coordinates; Space charge density;, Gallium Arsenide (GaAs)
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INTRODUCTION

Until now, modern scientific publications on semiconductor electronic devices have mainly focused on planar
structures of p-n and p-i-n junction structures. On the other side, in recent years, theoretical [1-3] and practical [4,5]
studies and modeling semiconductor devices, have made it possible to explore new geometric configurations, revealing
intriguing and unexplored electrical properties. One such configuration is the radial structures of p-n and p-i-n junction
structures and so on.

Although planar p-n and p-i-n junction structures offer numerous advantages, such as ease of fabrication, they also
have limitations, such as limited active surface area [6]. This limitation can impact performance in applications where
intense charge carrier interactions are critical such as detectors [7]. Additionally, in optoelectronic devices, planar p-n and
p-i-n junction structures may exhibit limited light-matter interactions compared to their 3D counterparts [8].

Hence, studying the electrical and optical characteristics of novel geometric structures becomes essential. Radial
designs of p-n and p-i-n junctions offer several advantages compared to their flat counterparts. First, radial p-n and p-i-n
junction structures offer increased surface area, which improves the interaction between charge carriers and potentially
improves device performance [9]. Moreover, in some photonic applications, radial structures exhibit superior light
absorption characteristics compared to planar structures. Additionally, radial configurations can reduce series resistance,
thereby increasing the overall efficiency of the device [10]. Indeed, depending on the intended application of the
semiconductor electronic devices, the implementation of various modifications can lead to new effects and further
advances. Hence, the study of the electrophysical and optoelectrical features of radial p-n and p-i-n junction structures is
becoming a critical area of research. Experimental methods for growing radial p-n and p-i-n junction structures using
GaAs material have been studied for several research purposes [11-14].

Various methods for fabricating radial pn junction structures have emerged, including vapor-liquid-solid (VLS) [15],
chemical vapor deposition (CVD) [16], and plasma-enhanced chemical vapor deposition (PECVD), [17] and metal
chemical etching (MACE) [18]. Using these techniques, researchers have successfully created structures such as nanowire
arrays [19], nanocones [20], and micropillars [21] designed for enhanced light absorption in radial p-n and p-i-n junction
configurations.

This arrangement provides many advantages. For example, the design of a radial p-n junction aligns the direction of
light absorption perpendicular to the direction of minority carrier transport. This configuration allows the cell to maintain
sufficient thickness to effectively absorb light while simultaneously providing a short path for carrier collection. This
design is suitable for highly integrated optoelectronic devices such as solar cells [22], biosensors, memories [23], light
emitting diodes (LEDs) [24], radial photodiodes, high electron mobility transistors [25] and field effect transistors [26].

Despite significant advances in the theory and application of radial p-n junctions and p-i-n junctions, unresolved
problems remain, especially regarding the electrophysical distributions, such as space charge density, electric potential,
and electric field, in radial p-n junction structures as well as various forward voltages at different radii and over a wide
temperature range. In addition, the injection of minority charge carriers has practically not been studied in scientific
works. The electrophysical distributions in planar p-n and p-i-n junction structures intended for sensor devices have been
extensively studied [27]. However, the electrophysical distributions in radial p-n and p-i-n junction structures have not
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been fully explored. Hence, it is imperative to investigate the dependence of electrophysical distributions in radial p-n
and p-i-n junction structures on various external parameters.

Thus, our research efforts in this work are focused on the in-depth study and modeling of the electrical properties
of radial p-n junction structures using GaAs material, known for its bandgap suitability for optoelectronic devices. Given
the wide bandgap of GaAs (Eg = 1.42¢V), it is widely used in semiconductor optoelectronics. The simulation results are
compared with the solutions obtained by solving the Poisson equation in a cylindrical coordinate system at different
temperatures [28]. Section METHODS AND MATERIAL provides an overview of the sample geometry, and material
characteristics, as well as methodological studies of the distribution of space charge density, electric potential, and electric
field. Section RESULTS AND DISCUSSION details the results of our new model and discusses its implications.

METHODS AND MATERIAL
In this study, submicron three-dimensional simulations were conducted on radial p-n junction structures based on GaAs
material to investigate the influence of temperature ranging from 250K to SO0K with a step of 50K on the electrophysical
distribution, such as space charge, electro-potential, and electric field, in radial p-n junction structures, as well as from 0 to
1 Volt forward voltages. In particular, we focus on the shell radius within the structure: 0.5 pym and 1 um for the shell.

METHODS AND THEORETICAL BACKGROUND
At the same time, it is required to solve the Poisson equation to determine the appearance of electrophysical
distributions in the Panar and Radial p-n and p-i-n transition structures and to study the influence of external factors on
the electrophysical distributions. Taking into account that electrophysical distributions in radial p-n and p-i-n junction
structures and the mechanism of current flow in them are hardly studied, we solve Poisson's equation in the cylindrical
coordinate system. The three-dimensional Poisson's equation in cylindrical coordinates is given by Eq. (1):

2 2 2
o) 1000) | 1 800 Do) __ p(0.2) O
or r or r 00 0z &g,
Here, r represents the radial dimension, z denotes an axial dimension, 6 signifies an azimuthal angle, p(r) represents
charge density, and ¢(r) stands for electrostatic potential. If Poisson's equation is expressed solely for one radial
dimension, it appears as follows Eq. (2a) and (2b):

Fo(r)  100(r) __p(r) (2a)

2
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(2b)

Where E(r) represents the electric field, € denotes the permittivity of the semiconductor material, for GaAs € is 12.9,
g0 =8.85-10"!2 F-m! vacuum permittivity. By solving the second-order differential equation, we can determine the
following distributions in the radial dimension from Eq. (3a) and (3b): p(r) represents the charge density, ¢(r) denotes the
electrostatic potential, and E(r) signifies the electric field. Through this process, distributions in radial p-n and p-i-n
junction structures can be determined.

_p(r)-r?

0

o(r)= +C,-In(r)+C, (3a)

E(ry=—""L =200 5 (3b)

To achieve this, it is necessary to establish the initial and boundary conditions for solving the second-order
differential equation, identify C; and C,, and find the solutions individually of electrostatic potential and electric field. We

introduce the conditions as follows: E(R/2+r,)=0, E(R/Z—rp) =0, go(R/Z—rp) =0 ¢(R/2+r1,)=¢,. Here g is

built potential, for ¢x =1.28 Volt GaAs, 1, and r,, are border radial dimensions of depletion region respectively core (p-
type) and shell (n-type) side. See Figure 1 to understand the radial distance here.

E(-R<r<-r,)=0 and EQ0<r<r,)=0 (5a)
E(r<r<r)=TNa(pip) (5b)
P 2 80 4
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E(—rp<r<—rn)=—qND (r—r) (5¢0)

2s¢,
E(-r,<r<0)=0and E(, <r<R)=0 (5d)

Expressions (5a), (5b), (5¢), and (5d) are obtained by solving expression (3b) using integrals with the initial
conditions stated above. The solutions to these derived equations are presented graphically in Figure 4. The graphs in the

next section were obtained from the solutions of these equations. Here, Majority carrier concentration p, = n,= Na=
2 2

Np=2-10'¢ cm™, minority carrier concentration p, =——, n, =——. Here n;is instrinsic concentration, n=1.7-10% cm?
D A

2
} and yp=400[

respective literature values and the functional parameters of GaAs material are sourced from the following literature [29].

2
cm

V-s

for GaAS. Electrons and holes mobility g, =8500L(;m } for GaAs align closely with their

+ T
Tp 0 I'p n

Figure 1. 2D cross-section of the radial p-n junction. The light grey area signifies the p-type GaAs, while the dark grey area represents
the n-type GaAs. The black field indicates the Ohmic contact prepared with Al. Here e” and e* denote electrons and holes respectively,
while » denotes the radial dimension. R is the radius of the shell.

We aim to explore the electrophysical characteristics of an individual radial p-n junction structure at a submicron
scale, considering both the periodic recurrence of radial structures within submicron dimensions and the cyclical nature
of electrophysical processes occurring within them. In this paper, we assume that donor and acceptor ions are completely
ionized within the chosen temperature range. Additionally, we have selected the symmetric p-n junction with complete
ionization, where p = n = Ny= Np=2e16 ¢cm>. In particular, we focus on the core and shell radii within the structure:
R=0.5 um and R=1 um for the shell. In both cases, the core radius, denoted by R/2 is chosen to be equal to half the shell
radius. This choice enables us to consider the symmetric electrical distribution. Semiconductor electronic devices heavily
depend on the operational efficiency of the p-n junction. Therefore, this study is dedicated to examining the electrical
distribution occurring within the radial p-n junction. We did not include the electrical distribution within the substrate in
this analysis. The results obtained from the models and samples employed in this section are thoroughly presented and
scrutinized in Section RESULTS AND DISCUSSION.

RESULTS AND DISCUSSION
This section presents graphs illustrating the variations of current I with voltage U and their analysis as the
temperature changes from 250K to 500K in 50K increments. Additionally, it includes distributions of electrophysical
properties such as space charge density, electrostatic potential, and electric field.

Distributions of Electrophysical Parameters
The maximum value of charge density is dependent on doping concentration and is not influenced by geometric
parameters by Equation (2). Hence, So, regardless of whether the radius is 0.5 um or 1 pm, the maximum value of charge
density remains the same. Indeed, the change in radius alters the charge distribution in radial p-n junction structures, as
illustrated in Figure 2. The change in charge distribution within the core-shell terminal is observed from -0.8 um
to -0.4 um and from 0.4 pm to 0.8 pm d~0.4 um within the depletion region thickness, d is representing the depth of the
depletion region. With the increase in temperature, the charge density of carriers also increases.
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Figure 2. Distribution of space charge density p(7) [cm™] across radial p-n junction structure by radial dimension
a) corresponding to R =0.5 pm and b) corresponding to R =1 um based on GaAs.

In Figure 2, it's evident that the charge distribution within the thickness of the shell remains uniform for both
R=0.5 pym and 1 pm, whereas it varies within the thickness of the core. This observation can be attributed to the difference
in charge distribution within the core, which ultimately constrains the charge density [30-33]. The distribution of
electrostatic potential under the influence of forward voltage shows that potential changes are predominantly observed in
the depleted regions of both the core and shell. Other areas show minimal changes.

From the expression for E(r)=—dg(r)/dr it's evident that the electrostatic field reaches its maximum value at

locations where changes in charge density and electrostatic potential occur, as depicted in Figures 2 and 3. Additionally,
the electrostatic field increases with rising temperature and the radius of the shell.

/4/‘\\ —=— 250K 0.6 4 —=—250K
0.4 ¥ —e—300K —o—300K
i —A— 350K —A— 350K

/’//'/‘\ —v— 400K 0.4 —¥— 400K

02 ol BN\ —o— 450K —— 450K
v/ \\ —4—500K —4—500K

/ 3 024 — 7

0.0

Potential (Volt)

Potential (Volt)

-0.2 :_:ﬂ TS -0.2 4 ‘
’—' f,',‘rv - v Tt roos A Se-s00e
-d/ :"3:?‘1:: A ¥y

0.4 40— Ty — 04 o4 ::2\ 3
T T T T T
04 S02 0.0 0.2 o4 <10 08 -0.6 -0.4 02 00 02 04 06 08 10
7 (um) 7 (um)
a) b)

Figure 3. Distribution of Electrostatic potential ¢(7) across radial p-n junction structures by radial dimension
a) corresponding to R =0.5 pm and b) corresponding to R =1 pm based on GaAs.
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Figure 4. Distribution of Electric field E(r) across radial p-n junction structures by radial dimension in 1D system
a) corresponding to R =0.5 pm and b) corresponding to R =1 um based on GaAs.
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It represents the dependence of the electric field distribution on the 1D radial dimension, showing that the electric field
has a high value at the p-n junction. In case a) corresponding to R= 0.5 pm, the electric field value is 30 kV/m, while in case
b) at R=1 um, the electric field reaches a maximum value of 45 kV/m. To explain this situation, we approach it as follows:
the change in electrostatic potential and the value of the space charge density are considered by taking a large value.

Analyze I-U-T Curves
The current transport mechanism in p-n junction structures can often be discerned by analyzing the representation
of the I-U curve on a semi-logarithmic graph. Therefore, we illustrated a semi-logarithmic I-U curve in Figure 3. Upon
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observing the volt-ampere characteristics, it becomes evident that the current transport mechanism remains consistent
despite variations in radius. However, the current values vary, a phenomenon attributed to changes in geometric size. In
semiconductor electronic devices, the analysis of the I-U curve is critical for assessing the quality of the selected sample
for a model. This curve provides valuable insights into the device's performance, aiding in the identification of any
irregularities or inefficiencies that may affect its functionality. The semi-logarithmic scale of the I-U curve can fully
elucidate the current flow mechanism, hence its utilization in our representation. However, a noteworthy observation
reveals that the current transport mechanism does change with temperature variations. Figure 5 demonstrates this
phenomenon: At low voltages up to 0.4 V, the recombination-generation mechanism predominates. In the voltage range
from 0.4 to 0.8 V, the drift-diffusion mechanism prevails. Beyond these ranges, the phenomenon of high injection is
observed, extending up to 1 volt.
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Figure 5. depicts the semi-logarithmic current-voltage characteristics for a GaAs-based p-n junction, with
a) R=0.5 pm and b) R =1 pm respectively.

At homogeneous values of temperature and forward voltage, at different values of radius R=0.5 um and R=1 um,
the current transport mechanism remained unchanged, and the value of the current increased. This situation can be
explained by the increase of the current passing active surface with the change of geometric size.

CONCLUSIONS

In summary, the maximum value of the charge density depends on the doping concentration and is independent of
geometric parameters. This finding suggests that both nano- and micro-scale pn junctions exhibit the same maximum
charge density at equivalent concentrations. Under uniform temperature and forward voltage conditions, different radii
(R=0.5 um and R=1 um) do not alter the current transfer mechanism, but they do increase the current value. This can be
attributed to the increase in the current-carrying active surface area with changes in geometric size. Analysis of the I-U
curve in the model reveals that the current transport mechanism remains consistent across different radii in radial p-n
junction structures. However, an interesting observation indicates that the current transport mechanism does change with
temperature variations. In Figure 5, I-U curve 5 illustrates that at low voltages (up to 0.4 V), the recombination-generation
mechanism predominates, while in the range of 0.4 to 0.8 V, the drift-diffusion mechanism prevails. In other cases, the
phenomenon of high injection is observed up to 1 volt. In future studies, we will explore the C-U characteristic using this
model.
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OcTaHHIMH pOKaMH JIOCATHEHHS B ONTOEGNEKTPOHIL Ta eJIEKTPOHINi BiIJalOTh IIepeBary ONTHMI3alil NPOXYKTHBHOCTI
HAMiBIPOBIHUKOBUX MPUCTPOIB 1 3HMKCHHIO CHEPrOCHOKUBAHHS [UISIXOM MOCIIOBAHHS HOBHX I'€OMETpiil HaIiBIPOBITHUKOBHX
npuctpoiB. OpHi€I0 3 TakMX IHHOBALIMHMX CTPYKTYp € CTPYKTypa pajiaibHOrO p-n mepexony. Y Wil poOOTi MH MpencTaBIsIeMO
KOHIIETILIIIO, 3T1IHO 3 SKOK CyOMiKpOHHE TPUBHMIpPHE MOJCIIOBAHHS OyJ0 MPOBEACHO Ha CTPYKTYypaxX padialbHOTO p-N-IEpexony Ha
ocHoBI Marepiaiy GaAs Ui TOCIiKeHHS BIUIMBY TeMmeparypu B xiamasoHi Big 250 K no 500 K 3 kpokom 50 K Ha enexrpodizmunnit
PO3IOALN, TAKUI SK MPOCTOPOBUI 3apsijl , SNCKTPOIIOTEHIIIAI i CICKTPHYHE T10JI€ B CTPYKTYpax paialbHOro p-n MEPeXony, a TAKOX
pi3Hi mpsaMi HampyTu. 30KpeMa, MU 30CepeKyeEMOCS Ha pajiyci 000JIOHKH BcepenuHi KOHCTPYKIil: 0,5 um i 1 um ans o0oJ0HKH.
Pesynbrartid MOZEIIOBAaHHS IIOPIBHIOBAIM 3 PE3yJbTaTaMy, OTPHUMAaHUMHU IPH PO3B’sS3yBaHHI TEOPETHYHOro piBHsHHs IlyaccoHa B
TTHIAPUYHIA CHCTEMI KOOPIHHAT.

KurwuoBi ciioBa: s10po-o6ononka, padianehuil p-n-nepexio, YyuriHOPUUHI KOOPOUHAmMu, NPOCMoposa 2yCMUuHA 3apsoy; apceHio 2aniio
(GaAs)





