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This study investigated the impact of linear graded doping concentrations on the electrophysical properties of p-n junctions based on Si
and GaAs. Doping gradients ranged from 1-10' to 1-10?° cm™, and the analysis was performed at temperatures between 200 K and 500 K,
in 100 K increments. The Poisson equation was solved for linear doping profiles, with analytical solutions derived for both Si and GaAs
materials. These solutions provided detailed insights into the electric field, potential distributions, built-in potential, and the width of the
depletion region. For both materials, the built-in potential was temperature-dependent, with Si exhibiting a more significant variation due
to its higher intrinsic carrier concentration. The depletion region width was influenced by both doping concentration and temperature, with
GaAs showing a more pronounced variation in width, owing to its distinct material properties compared to Si. The results highlight the
crucial role of doping gradients and temperature variations in shaping the performance of the linear graded p-n junctions, offering valuable
implications for the design of semiconductor devices such as diodes and transistors optimized for different temperature conditions.
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INTRODUCTION

Although research on new materials for semiconductor electronic devices is expanding, silicon (Si) and gallium
arsenide (GaAs) remain dominant in practical applications [1-4]. Consequently, the study of the electrostatic properties
of these materials continues to be a crucial area of research [5-7]. The p-n junction, a fundamental component in
semiconductor devices made from Si and GaAs, plays a pivotal role in current transfer, electrostatic characteristics, and
the operation of devices across a broad range of power and temperature conditions. The performance of these devices is
intricately linked to a comprehensive understanding of the operating principles of the p-n junction and the external factors
that influence it [8-9]. These factors include the effects of incomplete ionization at low temperatures [10-11], the influence
of geometric size [12], and other related phenomena [13].

One of the key factors affecting the behavior of p-n junctions is the doping profile, which governs the electric field
and the carrier dynamics within the junction. Specifically, the impact of non-uniform doping concentration profiles on the
operation of p-n junctions has been underexplored both analytically and experimentally. Traditionally, p-n junctions have
been studied with uniform or step-function doping profiles; however, these idealized models do not always capture the
complexities of real-world devices, particularly those operating under extreme conditions. Experimental studies [14-18]
suggest that non-uniform doping profiles, such as linear grading, can significantly influence the electrostatic properties
and overall performance of p-n junctions. Nevertheless, this area remains insufficiently investigated and warrants more
in-depth analysis.

Linear graded p-n junctions, in which the doping concentration varies gradually and linearly across the junction,
offer distinct advantages over both uniform and non-uniform doping profiles [19]. In these junctions, the gradual transition
between the p-type and n-type regions results in a more uniform built-in electric field, which reduces carrier
recombination and improves charge carrier collection efficiency [20-23]. This characteristic makes linear graded p-n
junctions particularly beneficial for applications such as solar cells, photodetectors, light-emitting diodes (LEDs), and
power devices, where efficiency and performance are closely tied to the smooth distribution of charge carriers. Moreover,
the gradual change in doping concentration can lower the breakdown voltage, enhance device reliability, and improve
high-speed performance.

However, the theoretical understanding of the electrostatic properties of linear graded p-n junctions, particularly
regarding their temperature dependence, remains limited. To address this gap, this article focuses on the analytical
investigation of the electrostatic properties of linear graded p-n junctions made from Si and GaAs, studied over a wide
temperature range. By examining the effects of linear grading on the electric field, potential distribution, and depletion
region, this research aims to provide a deeper understanding of how doping profiles influence device performance.
Additionally, this study will explore how external factors, such as temperature and geometric size, interact with the doping
profile to affect the behavior of p-n junctions in real-world applications. The insights gained from this research could lead
to improved design strategies for a variety of semiconductor devices, particularly in environments where high efficiency,
reduced recombination, and stable operation over temperature are crucial.
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MATERIAL AND METHODS

In fact, p-n junctions are formed by combining p-type and n-type semiconductors through processes like diffusion,
ion implantation, epitaxial growth, or alloying, with precise control of doping and structure quality. The junction's unique
properties arise from the depletion region created by carrier recombination, enabling applications in forward and reverse
bias modes, including advanced structures like radial and heterojunctions. Uniform doping profiles are formed by evenly
distributing dopants through methods like ion implantation or epitaxial growth, ensuring consistent electrical properties.
Nonuniform profiles are created by varying dopant concentration using graded diffusion or selective implantation,
enabling tailored device performance. As highlighted in the Introduction, this article addresses the problem
of p-n junctions with non-uniform doping concentrations, which have not been extensively studied.
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Figure 1. Schematic representation of a 2D cross-section of the modeled planar p-n junction:
a) uniform doping profile, and b) non-uniform doping profile

Figure 1 illustrates a planar p-n junction with: a) a uniform doping profile, and b) a non-uniform doping profile,
highlighting distinct characteristics in current transfer mechanisms and electrostatic distributions between the two cases.
The depletion region extends from—x,to x,, with its width denoted as 7, linear graded p-n junction specific to the
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the Poisson equation for each specific case. To simplify finding solutions, approximations are applied, but only for the
low injection case. The Poisson equation for the low injection case is written as equation (1).

=x =7 . To identify these unique properties, it is essential to solve
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junction structure and as expressed: |—xp| =

dE(x) __d’¢(x) _ q |
dx dx’ &€,

(Np(x)= N, (x)) - M

Where E(r) represents the electric field, € denotes the permittivity of the semiconductor material, for Si € is 11.9, for
GaAs e1s 12.9, g = 8.85:107'2 F-m™! vacuum permittivity. The linear doping profile can be represented as (2):

Np(x)=N,(x)=a-x (@)

If the width of the depletion region is non-uniform, as in case b), the acceptor doping concentrations N, (x) and
donor doping concentrations N, (x) are expressed qualitatively as functions of distance. a is the doping gradient. These

expressions are solved together under boundary conditions E(-x,)=0 and E(x,)=0, for the depletion region, the

distribution of the electric field is given by equation (3a), while for other regions, the electric field distribution is described
by equation (3b).
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E(x<-x,,x,2x)=0. (3b)

Along with the electric field distribution, it is also important to determine the electrostatic potential distribution.
Using the following expression ¢(x) = —J. E(x)dxandp(x<-x,)=0,9(x2x,)=¢,(T)-U, , initial conditions, the
electrostatic potential is obtained from expression (4). The built-in potential is represented by ¢,,(T') , and the external

source voltage is represented by U, , .
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Using the selected initial conditions, the width of the depletion region was determined and is expressed by
equation (5). From equation (5), it can be seen that the width of the depletion region depends on temperature, built-in
potential, and the doping gradient.

w =#Z4‘9€° (p(M-U,.,). 5)
q-a

Another important parameter is the built-in potential, expressed by equation (6) for a linearly graded doping
concentration in a p-n junction.

2kT a-x
), (1) =——"In| —=|. 6
@,(T) p n(nl_(T)J (6)

Where k is the Boltzmann constant, T is the temperature, q is the charge of an electron, n,(T)is the intrinsic carrier
concentration of the semiconductor. At 300 K (room temperature), the intrinsic carrier concentration of Si is
approximately 7,(300)=1.5-10"" cm™, for GaAs approximately 7,(300)=1.7-10° cm™ . The results derived from the
above analytical expressions are presented and analyzed in the “Results and Discussion” section.

RESULTS AND DISCUSSION
The results presented and analyzed in this section correspond to temperatures ranging from 200 K to 500 K in 100 K

increments, with a doping gradient spanning from 1-10'° cm™ to 1-10°° em™ . In Figure 2, the width of the depletion region

of a linearly graded p-n junction made of Si material depends on the doping gradient at different temperatures.

In silicon (Si), the doping gradient remains largely unchanged as temperature increases from 200K to S00K. However,
the carrier concentration increases with temperature, affecting the material's conductivity and recombination rates. The
depletion region width decreases linearly with increasing doping concentration, as a higher doping concentration strengthens
the electric field, reducing the width of the depletion region. Gallium Arsenide (GaAs) is a high-performance semiconductor
with a direct bandgap of 1.42 eV, making it ideal for optoelectronic applications like LEDs and laser diodes. It has high
electron mobility, which enables fast switching in high-speed electronics, but lower thermal conductivity than silicon. GaAs
is widely used in high-frequency devices, such as radar and satellite communications, but its higher cost and fabrication
complexity limit its use compared to silicon. In Figure 3, the width of the depletion region of a linearly graded p-n junction
made of GaAs material depends on the doping gradient at different temperatures.
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Figure 2. The width of the depletion region in a linearly graded  Figure 3. The width of the depletion region in a linearly graded
p-n junction based on Si as a function of the doping gradient at p-n junction based on GaAs as a function of the doping
different temperatures gradient at different temperatures

Compared to Si, GaAs undergoes more significant changes as the temperature increases from 200 K to 500 K.
In both materials, the depletion region width decreases linearly with increasing doping concentration. In Si, the depletion
region width changed from 22 um to 5.8 um, while in GaAs, it changed from 83.4 um to 0.833 pm. At 200 K, the depletion
region width changes from 22 pum for 1-10'° cm™ to 5.8 um for1-10°° cm™ . As temperature increases, the width decreases
further, with similar trends observed at 300K, 400K, and 500K, showing a more pronounced reduction with higher doping
concentrations.

Figure 4 demonstrates that the built-in potential of a linearly graded p-n junction based on GaAs increases
consistently with both temperature and doping concentration. At 200 K, the built-in potential ranges from 1.187 V to
1.23 V. At 300 K, it increases to a range of 1.2187 V to 1.46 V. At 400 K, the range shifts to 1.387 V to 1.653 V, and at
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500K, it varies between 1.527 V and 1.86 V. This trend clearly indicates a consistent increase in the built-in potential with
rising temperature and doping concentration. Similarly, the width of the depletion region in the Si-based linearly graded
p-n junction decreases as the doping gradient increases from 1-10'° cm™ to 1-10°° cm™ across temperatures ranging from
200K to 500K. As temperature increases, the width decreases further, with similar trends observed at 300K, 400K, and
500K, showing a more pronounced reduction with higher doping concentrations. Figure 5 illustrates that the built-in
potential of a linearly graded p-n junction based on Si increases with both temperature and doping concentration. At 200K,
the built-in potential ranges from 0.78 V to 0.923 V. At 300 K, it increases to a range of 0.9321 V to 1.123 V. At 400K,
the range extends from 1.038 V to 1.26 V, and at 500 K, it varies between 1.082 V and 1.41 V. This shows a consistent
increase with both temperature and doping concentration. Similarly, the width of the depletion region in the GaAs-based
linearly graded p-n junction decreases as the doping gradient increases from 1-10cm™to 1-10° cm™, across

temperatures ranging from 200K to 500K.
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Figure 4. The built-in potential of a linearly graded p-n Figure 5. The built-in potential of a linearly graded p-n junction
junction based on GaAs as a function of the doping gradient based on Si as a function of the doping gradient at different
at different temperatures temperatures

For GaAs, the impact of the doping gradient on the depletion region width is more prominent at higher doping
concentrations compared to Si. Across the temperature range of 200 K to 500 K, the depletion region width exhibits
significant variation, with more substantial changes occurring at higher doping gradients. At low doping concentrations,
the temperature dependence is relatively minor, whereas at high doping concentrations, the depletion width decreases
sharply with increasing temperature, demonstrating a more pronounced effect than in Si. This highlights GaAs's greater
sensitivity to both temperature and doping concentration, particularly at elevated doping gradients. The built-in potential
of the GaAs-based junctions increases consistently with both doping concentration and temperature, ranging from 1.187 V
at 200K to 1.86V at 500K for doping concentrations between 1-10'° cm™ and 1-10*° cm™ . In comparison, the built-in

potential for Si-based junctions ranges from 0.78V to 1.41V across the same temperature and doping concentration range.
Additionally, the width of the depletion region in both materials decreases with increasing doping concentration, but this
effect is much more pronounced in GaAs, with changes from 83.4 pm to 0.833 pm at temperatures ranging from 200K to
500K. In contrast, Si shows smaller variations, with the depletion width changing from 22 pm to 5.8 um over the same
temperature range.

CONCLUSIONS

In conclusion, this study provides a comprehensive analysis of the electrostatic properties of linearly graded p-n
junctions based on Si and GaAs, with a focus on the effects of doping gradients and temperature variations. The results
reveal distinct behaviors between GaAs and Si, with GaAs exhibiting a more pronounced dependence on temperature and
doping concentration. At higher doping concentrations, GaAs shows a more significant reduction in the depletion region
width with increasing temperature, highlighting its greater sensitivity compared to Si. This behavior underscores GaAs's
heightened sensitivity to temperature fluctuations and doping gradients, especially at high doping levels.

The study emphasizes the pivotal role of doping gradients and temperature in shaping the electrostatic properties
of p-n junctions. GaAs, with its superior electron mobility and direct bandgap, offers enhanced performance for
high-frequency and optoelectronic applications. However, its increased sensitivity to temperature and doping
concentration presents both challenges and opportunities for device optimization. In contrast, Si remains more stable with
respect to temperature changes, making it a more predictable material, but it may not achieve the same performance levels
in specialized applications. These findings are crucial for the design of semiconductor devices, particularly in applications
where efficiency, reduced recombination, and stable operation across varying temperatures are critical. The insights
gained can inform the optimization of p-n junctions for a range of devices, such as LEDs, photodetectors, and power
devices, ensuring improved performance and reliability in diverse operating environments.
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BILIMB JITHIMHUX IMTPO®LIIB JIETYBAHHSI HA EJJEKTPO®IZUYHI OCOBJIHUBOCTI P-N-ITIEPEXO/IIB
Jxomkin . AGpynnaes
Hayionanenuii oocnionuyvkuii ynisepcumem TIIAME, ¢hizuxo-ximiunuii haxynomem, Tawkenm, Y36exucman
Dizuxo-mexuiynuil incmumym Axademii Hayk Y36exucmany, Tawkenm, Y30exucman

VY miif poGOTi JOCTIHKEHO BIUIMB JTiHIHHOTO TpalieHTa KOHLEHTpPALii JITyBaHHS Ha €IeKTPO(i3NYHI BIACTHBOCTI P-n MEPEXOIiB Ha
ocuoBi Si i GaAs. T'paxientu neryBanns cranosuiu Bijg 1-10' no 1-10% cm™, a amaniz nposoauiu npu temneparypax six 200 K mo
500 K 3 xpoxom 100 K. PiBrstans Iyaccona Gyimo po3B's3aHe Jurs JiHIHHUX MpodiniB JIeTyBaHH, a aHAJIITUYHI PIlIEHHS OTPUMaHI IS
marepianiB Si i GaAs. Li po3B'si3ku qanu feTanbHe ysSBICHHS PO eIEKTPUYHE MOJIe, PO3MOALT OTEeHIianiB, BOyIOBaHNI MOTEHIIaI i
HMIMPUHY 001acTi BUCHaXKEHHS. [Iyi1 000X MaTepiaiiB BOYIOBaHUI MOTEHINA 3aJIeXKaB BiJl TEMIEPaTypH, IPUUOMY Si IEMOHCTPYBaB
OipLI 3HAYHY 3MiHY 4Yepe3 BUILY KOHIGHTpalilo BlacHUX HociiB. Ha mupuny o61acTi 30iIHEHHS BIUIMBAIOTH SIK KOHLIEHTpALis
JIETYBaHHsI, TaK i TeMmreparypa, npuiomy GaAs AeMOHCTpYeE OiIbLI BUPaXKEHY Bapiallilo IMUPHUHH, L0 MOSCHIOETHCS HOTO BiIMIHHUMU
BJIACTHUBOCTSIMU HOPiBHAHO 3 Si. OTpUMaHi pe3yibTaTH MiIKPECTIOITh BUPIMIAIbHY POJIb IPAJi€HTIB JIETYBaHHA 1 TEMIIEPAaTypPHUX
Bapiamiii y ¢opMyBaHHI XapaKTEPUCTHK JIHIHHUX TpagyHOBaHUX p-n MEPEXOiB, MPOMOHYIOYH LiHHI BUCHOBKH IJISl MPOEKTYBaHHS
HaIiBIPOBITHUKOBUX NPUIIAMIB, TAKHUX SIK JIOAH 1 TPAH3UCTOPHU, ONTHMI30BaHUX [UIS PI3HUX TEMIIEPaTyPHHUX YMOB.

KonrouoBi cnoBa: zinitinuii epadytioganuii p-n nepexio; 66y0ogamuil nomenyian; eneKmpoCmamuyHi eiacmueocmi; aiuiliHe
2padytiogane ne2ysans; KpiozeHHi memnepamypu



