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Abstract. In this paper, we investigate the effectstof doping and temperature (at 300 K and 400 K) on the
characteristics of Silicon (Si) and Gallium Agsenide (GaAs) psn and p-i-n homojunction structures, utilizing
doping concentrations of p*= n*=2-10" and“P=n=10%¢ em3 through numerical calculation and modeling.
Furthermore, we have analyzed three different casesyA) p-fi, B) p*-n, and C) p-n*, to examine their influence on
the distributions of space charge, potential, glectric field;"minority charge carriers, and the I-U curve at 300 K. It
can be seen from the results that in case Axthe recombination process is not observed at a lower voltage in the
symmetrical p-n junction compared togthan ‘¢ase B and C asymmetrical p-n junction. The voltage-temperature
characteristics of the prepared samples were then measured at a temperature of 300K. 1-U curve at 300 K.
Calibration of the Si p-n homojunctionsstructures is performed using experimental data to validate the proposed
model. With the help of thig,constructed complex model, the influence of various geometrical changes, such as the
radial p-n transition, on electrephysiealgproperties will be examined in our next work.
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1. IntrodUetion

In today's world, thereris a growing demand for electronic devices that are integral to our daily lives.
This surge in demandiunderscores the necessity for semiconductor electronic devices, prompting extensive
scientific exploration in this field. Despite this demand, the outcomes of both theoretical and practical
scigntifig investigations often fall short of meeting expectations.

Oyer five decades ago, scientific research delved into the initial p-n junction structures [1], yet several
issues remain unresolved. Subsequent studies have theoretically examined the charge distribution within
these jumetions [2], though temperature variations have not been fully explored. Recombination mechanisms
have been inferred solely from volt-ampere characteristics, neglecting by coordinate distribution of
recombination rates [3]. Various devices, including solar cells [4], thermos sensors [5], diodes [6], and
transistors [7], utilize p-n junction structures, while p-i-n junctions prove more effective for photodiodes and
LEDs.

The characteristics and performance of p-i-n and p-n junction diodes are intricately tied to carrier
behavior within the junction formed at the interface between p-type and n-type materials. These junctions
serve as fundamental building blocks for various devices, with analysis techniques applicable to broader
electronic problems. The kinetic processes of electrons and holes at p-n and p-i-n junctions are elucidated
through two mechanisms: drift-diffusion and recombination-generation. The ideality factor, theoretically
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ranging from 1 to 2, distinguishes between these mechanisms [8]. However, experimental data often indicate
ideality factors exceeding 2 [9]. This study aims to explore the relationship between forward voltage and the
ideality factor across different thicknesses of the i-layer. By modeling and analyzing the electrophysical
properties of these junctions, semiconductor electronic devices can operate optimally with minimal energy
consumption. Furthermore, such modeling enables understanding of quantum effects as semiconductor
devices scale down from micro to nanoscale, facilitating analysis of external influences on optimal
operational modes. Utilizing software platforms such as Synopsys Centaurus Device [10], Keysight ADS
[11], SPICE [12], COMSOL Multiphysics [13], MATLAB [14], SCAPS1D [15], Numerical [16], and others
addresses this need, facilitating comprehensive modeling of semiconductor electronic devices.

In this work, we study and simulate semiconductor p-n and p-i-n junctions based on GaAs and Si. Our
research aims to understand the mechanisms that control current transport and the physical distsibution of
electrons within these junctions. Building upon these considerations, this work model p-n, anéhg=i-n jungction
structures based on Si and GaAs under different forward voltages, doping concentrations, and temperatures.
Section 2 discusses material and geometrical parameters, along with methodologies employed. ‘Sectiofi 3
presents our model's results, and Section 4 summarizes our findings

2. Experimental measurements vs. device simulations
2.1 Theory and material parameters

The current mechanism in p-n or p-i-n junction semiconductor strugtures often involves the use of five
fundamental expressions. These expressions play a decisive role in determifing the distribution of the
electric field and potential, which are derived from the Poisson eguation,(2). To perform this analysis, it is
important to establish the charge distribution, usually represented byithe concentration distribution.
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From this expression, by substituting the electric fielghanddpotential distributions found when solving
the differential equation into expressions (2) and¥(8), we derive expression (4) for the relationship between
current and voltage for an ideal diode.
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Equations (2a) and (2b),whieh.detail the behavior of excess carriers within a semiconductor
volume for electrons amd, holes; respectively, arising from phenomena such as generation,
recombination, drift, and diffusion, are referred to as continuity equations.
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The transport/equations for electrons and holes in semiconductors can be formulated to include both
diffusion‘ang,drift terms, represented as equations (3a) and (3b) respectively.

qU p-n
7 ) D (4)

Where Jo represents the saturation current, m denotes the ideality factor. m=1 corresponds to the drift-
diffusion current loading mechanism at the source, while m=2 signifies the generation-recombination current
carrier mechanism. (4) We can observe the expression values in figures 4 and 5.

To find the electric field, we integrate the expression (1) and obtain the electric field expression under
the following conditions. (5a) and (5d) represent the quasi-neutral (QNR) fields in p-type and n-type regions,
respectively, where the field is zero. (5b) and (5¢) denote the depleted fields in p-type and n-type regions,
respectively, where the electric field behaves like a linear function of distance. The four fields are depicted in
Figs. 2 a), b), c), and d), respectively, with varying values

3,= 4 (exp(
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E(-0o<x<X,)=0 (5a)
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Where is € permittivity dielectric constant, which is e=11.9 for Si, e=13 for GaAs, the electrig field
helps in separating the majority carriers injected into the opposite semiconductor regions due to diffusien or
drift. Electrons move towards the positively charged region (p-type) and holes move towardsythe negatively
charged region (n-type). The magnitude and distribution of the electric field affect ‘the fate, of carrier
recombination and hence the current flow across the junction. Understanding the electricyfieldyelpséin
analyzing the current-voltage characteristics and overall performance of semiconducter devicesylike diodes
and transistors. In optoelectronic devices like photodiodes and solar cells, the electtiegfield)assists in the
separation of photo-generated electron-hole pairs, contributing to the device's efficieney. Electro field
distribution together with the injection process is also important.

Injection of majority carriers (electrons from the n-type region and holgs fram the‘p-type region) across
the junction occurs when the p-n junction is under forward bias. Injectionjaffects the behavior of the p-n
junction diode. Under forward bias, injection leads to a reduction in the width of the depletion region,
facilitating the movement of majority carriers and allowing current todflow easily. In contrast, under reverse
bias, injection is suppressed, and the depletion region widens, preventing significant current flow. Injection
in a p-n junction is essential for controlling current flow, determinihg device characteristics, influencing
carrier recombination, and enabling the operation of variods semicenductor devices, particularly diodes and
optoelectronic devices. The change in concentration ofglectr@ns on the p-side and holes on the n-side the
guasi-neutral (QNR) fields expressed aS'

An, (x) =n,(x)-n, —npo[exp( pn) 1]e IO(

) X<—X, (6a)
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Where Ln, Lp are diffusion Iength electron and holes respectively, To calculate the various

junction parameters it is impertant,to define some concentration terms. On the p-side, let Na be the

concentration of the acceptors.”Ifin; iS*the carrier concentration, then the electron and hole concentrations on
2

the p side are defined a$| pgf(x, <x<0)=N,, n,(-x, < x<0)=N—'. Similarly, on the n-side, with
A

donor concentratien of Np, the“electron and hole concentration are as we move across the device is shown in

Figure 3.

2
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2.2 Device simulations

For the chosen model, geometric dimensions of a=10 um, b=8 pum, and c=6 um were selected. The
following distinctions are made within the electrophysical models: the gap width varies with temperature
[17], and the mobility of electrons and holes changes with temperature and concentration [18]. Additionally,
Shockley-Read-Hall (SRH) recombination also varies with temperature and doping concentration [19].
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Fig. 1. This schematic depicts a 2D cross-section of our model planar p-n junction. The light,gr ea s S
the depletion region, while the dark grey area represents the quasi-neutral (QNR) fields in the p-type e regions,
respectively, based on both Si and GaAs materials. \

The electric field distribution in this chosen model is illustrated in Figure 2,
carriers are depicted in Figure 3. Additionally, the I-U characteristics are presen
current-voltage 1-U characteristic was studied at a voltage of +1 V for Si ap
selected model was appropriately connected. The voltage supplied from t @ I
junction voltage. In this model, doping concentration is selected in thre@,cases a
and C) p-n*. After establishing the mathematical framework t%es ibe
such as through calculation geometry, the next step involves
elements using a finite-element grid. These elements break do

nority charge
in Fi s 4 and 5. The
for GaAs when the
al source equals the p-n
ollows: A) p-n, B) p*-n,
al or engineering problem,
e problem domain into smaller
rea of interest into manageable parts,

iors. Each finite element grid node
represents a point within the problem domain ion to the problem is evaluated or
approximated. The solution typically involves determin or vector fields, which represent physical
guantities or properties of interest, at these nod n methods play a crucial role in finite-element
analysis, allowing the estimation of values not grid nodes but also at any point within the
computational domain. This means that the pehavio e investigated function can be approximated or
extrapolated at arbitrary locations, providing a comprehensive understanding of the system's behavior
beyond the discrete grid points.

2.3 Experimental measurer

To calibrate and verify al and modeling analytical data presented above, an experimental
sample was taken. In this cas faxial layer of n-type silicon doped with Boron with a thickness of 30
um and a concentration o is placed on a p-type silicon substrate doped with Phosphorus with a
thickness of 280 pm and ration of 3-10'® cm grown and prepared based on the resulting silicon p-n
structure. The experimen e was prepared by depositing an aluminum layer on the contacts using the
thermal sputteri under vacuum conditions. The voltage-temperature characteristics of the prepared
samples were d at a temperature of 300K. I-U curve at 300 K. Calibration of the Si p-n
is performed using experimental data to validate the proposed model. The current-
of the sample were measured using current sources b5-46M and b5-47M, with a
V during the experiment. Voltage was measured with a universal voltmeter I11301-1, and
universal electronic device I11300. The results of the experiment and the model are depicted in

3. Results and discussion
3.1 Distributions by distance

The electric field is a crucial parameter in various applications. Studying the dependence of field
distribution on external parameters is essential because the field and potential distributions play significant
roles in thermal sensors and photosensors. It can be observed from the second picture that the electric field is
zero in both the p-type and n-type quasi-neutral regions (QNRs), as indicated by equations (5a) and (5d)
respectively. In three cases as follows: A) p-n, B) p*-n, and C) p-n*, According to expressions (5a) and (5d),
the depleted fields in p-type and n-type regions behave as linear functions of the electric field distance.
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Fig.2. Electric field E(x) across a p-n junction@) 300 K b) 400 K based on GaAs, d)300 K c¢) 400 K based on Si.
The diffusion of minority chargesgarrie called the injection process, and this injection depends on
various external factors. Figure 3 s he distance distribution of injected minor charge carriers. Adjusting

the values of these fields
temperatures, the field diminis
that there is a close corre C
by our model. This
underlying prin€iple
process for elect
QNR. Minority‘eha
and 1.27V for G

nfigurations shown in Figures 2 and 3. Moreover, at elevated
ng characteristics specific to Si and GaAs. In Figure 3, it is evident
een the theoretical (7a), 7b) predictions and the outcomes generated
li ntihighlights the robustness and accuracy of our model in capturing the
lu by the theoretical framework. It is assumed to be derived using the same
ity in p-QNR. Minority holes density in n-QNR, Minority electron density in p-

oltage characteristics

ction, we delve into the classification and VAX results yielded by our innovative new model.
s a) the experiment and our new model in one graph for calibration, and b) VAX when our
new model is used on GaAs material. Results can be seen to match with high accuracy.

The analysis of Figure 5 reveals qualitative homogeneity but quantitative disparities in the current
transfer mechanism between cases A) and C), while case B) displays noticeable deviations in both qualitative
and quantitative traits. Specifically, in case B), the drift-diffusion mechanism remains consistent up to the
specified direct switching voltage for both Si and GaAs materials.

Figure 4 illustrates the semi-log current-voltage (I-V) characteristics for a p-n junction based on GaAs
(a) and Si (b) materials, showcasing different forward voltage scenarios: A) p-n, B) p*-n, and C) p-n*.

In Figure 5a, it's evident that for cases A) and B), recombination predominates from a voltage delay of
0.2V t0 0.9 V in GaAs. Subsequently, from 0.9 V to 1.2 V, the drift-diffusion mechanism takes precedence.
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Beyond 1.2 V, series resistance values and high injection processesgare, observable, explained by
recombination, where minority charge carriers migrate from the emitter {0 thé haseregion. Furthermore,
Figure 5 illustrates that GaAs exhibit higher series resistance and dem@nstrate more pronounced injection
phenomena at higher voltages compared to Si material. At low_voltages, the slope often reflects the
recombination mechanism. This is because, at lower forward biasesfecombination within the depletion
region or through defect states may dominate the current. At high veltages, the slope typically represents the
drift-diffusion mechanism. Here, the current is mainly driven'by the drift and diffusion of carriers across the
junction, and the exponential behavior of the -V curvejis mare apparent. In Figures 5a) and b), if the slopes
at low and high voltages differ, it suggests a transition{fitomiene dominant mechanism to another as the
applied voltage increases. This transition can beykey in understanding the behavior of the junction under
different electrical conditions.

4. Conclusion

In summary, the electric field in a“pam,junction plays a fundamental role in its operation, influencing
carrier transport, device characteristi€s;, and“overall device performance. Our new model has been
successfully calibrated with, experimental results, revealing that the electric field value is inversely
proportional to temperature inBOtheSi and GaAs materials. in this paper demonstrates a strong alignment
between the theory and our_modeh, In figure 3 demonstrates a strong alignment between the theory and our
model by minority chargg'density. When analyzing the 1-U curve in these three cases A) p-n, B) p*-n, and C)
p-n*, it was shown that ipeasesiA) the correct connection from the recombination mechanism to the drift-
diffusion mechanism prevailssin'Si and GaAs, respectively, at the values of 0-1 Volt and 0-1.5 Volt.
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