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In the fabrication of 3D p-n junctions, doping or surface modification caused by ion injection changes the electrical properties and 
crystal structure of the semiconductor. In addition, as the size of the semiconductor device decreases, various quantum effects are 
gradually appearing in them. This shows that the scope of application of classical device theory is now limited. In recent years, two-
dimensional (2D) materials with amazing atomically fine properties have attracted great interest. The electrostatic field properties of 
some 2D p-n junctions, such as WS2, MoS2, MoSe2, WSe2, and black phosphorus (BP), open the door to new possibilities for 
semiconductors. Changes in the diffusion capacitances and differential conductance’s of 2D p-n junctions under the influence of an 
microwave field, and the diffusion capacitances and differential conductance’s of 2D and 3D p-n junctions the change of 
conductivities under the influence of microwave field is compared. 
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INTRODUCTION 
p-n-junction rectifiers consisting of two types of semiconductors [1], photodetectors [1-5], photovoltaics [6-10],

and light-emitting diodes [11-12] are the basis of electronic and optoelectronic devices. In the fabrication of 3D 
p-n junctions, doping or surface modification caused by ion injection changes the electrical properties and crystal
structure of the semiconductor. In addition, as the size of the semiconductor device decreases, various quantum effects
are gradually appearing in them. This shows that the scope of application of classical device theory is now limited.

In recent years, two-dimensional (2D) materials with amazing atomically fine properties have attracted great 
interest. The electrostatic field properties of some 2D p-n junctions, such as WS2, MoS2, MoSe2, WSe2, and black 
phosphorus (BP), open the door to new possibilities for semiconductors [9,13-18]. Using light as an external field to 
diodes provides many additional advantages. For example, light can be sent from a distance. This is of great importance 
for modern integrated optoelectronic connection circuits that are precisely controlled, fast switching and consume very 
little energy [19-25]. 

In [26], the Poisson equation for a 2D p-n junction is combined with the drift-diffusion and continuity equations 
and the Shockley equation for an ideal current-voltage characteristics is proposed. Fig. 1 shows the geometric scheme of 
a 2D p-n junction. This structure is formed by the combination of p and n types at x=0 and lies in z=0 plane, the 
structure along the y axis is large enough, so the effect of this direction on the properties is considered. 

Figure 1. Geometric scheme of 2D p-n junction [26] 

Fig. 2 shows the quasi-Fermi levels and energy states obtained in the authors' numerical model for the physical 
structure of a 2D p-n junction in thermodynamic equilibrium. At equilibrium, φ increases through the filling layer, 
while at nonequilibrium, φ decreases or increases depending on the direction of the voltage. 

In addition, in this work, the recombination and generation processes in the effective depletion layer (EDL) are 
significantly deviated from the ideal, and the capacitances and conductance of the 2D p-n junction are considered. The 
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barrier and diffusion capacities for the structure in the non-equilibrium state were analyzed. The barrier capacity was 
calculated by the following expression: 
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Diffusion capacity calculated by this expression: 
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Using these expressions, capacitance plots are presented based on the authors' numerical model for a silicon-based 
3D p-n junction and a 2D monolayer MoS2. 

 
Figure 2. Zone diagram of 2D p-n junction in thermodynamic equilibrium state (a); in the reverse direction (b) and in the forward 
direction (c) [26] 

However, in the above-mentioned studies, the changes of diffusion capacities and differential conductivities of 
2D p-n junctions due to external influences have not been sufficiently studied, and the differences between 3D and 
2D p-n junctions’ graphs of changes of diffusion capacities and differential conductivities as a result of external 
influences are not compared. 

The purpose of the work is to analyze the change of diffusion capacities and differential conductivities of 2D and 
3D p-n junctions as a result of external influences. 

 
COMPARISON OF 2D AND 3D p-n JUNCTION DIFFERENTIAL CONDUCTANCE 

The differential conductivity of a p-n junction in 3D size is determined by the following relation [27]: 

 expseI eUG
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Differential conductance of p-n junction in 2D size using the expressions presented in the work [27], we get the 
following formula: 
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From the expressions (3) and (4), 2D and 3D p-n junction differential conductivities were compared (Fig. 3). 
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Figure 3. Rate dependence of p-n junction differential conductance in 2D and 3D dimensions 

Fig. 3 shows the voltage dependence of the differential conductance of a 2D and 3D p-n junction. The obtained 
results show that the differential conductance of the 3D p-n junction is smaller than the differential conductance of the 
2D p-n junction. This shows that the 2D p-n junction is more efficient than the 3D p-n junction. 

Electrons and holes in a 3D p-n junction are not heated under the influence of a weak microwave field, and if 
only the perturbation of the potential barrier height is taken into account, we have the following expression for the 
differential conductance of the p-n junction [28]: 
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We have the following expression for the differential conductance of a 2D-sized p-n junction under the influence 

of a weak microwave field: 

 ( )2 2
1exppi n

d p n

D q U Uq n DG
kTN L L kT

φ   + − 
= +       

. (6) 

Using expressions (5) and (6), it is possible to compare the differential conductivities of 2D and 3D p-n junctions 
located in a weak microwave field (Fig. 4). 
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Figure 4. Dependence of applied voltage of the differential conductance of 2D and 3D p-n junctions located in a weak microwave field 
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Fig. 4 shows the voltage dependence of the differential conductance of a 2D and 3D p-n junction located in a weak 
microwave field. The obtained results show that the 3D p-n junction differential conductance located in the microwave 
is smaller than the 2D p-n junction differential conductance. This shows that a 2D p-n-junction located in a weak 
microwave field is more efficient than a 3D p-n-junction. 

We have the following expression for the differential conductance of a 3D-dimensional p-n junction under the 
influence of a strong microwave field: 
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We have a differential expression for the differential conductance of a 2D-sized p-n junction under the influence 
of a strong microwave field: 
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Using expressions (7) and (8), it is possible to compare the differential conductivities of 2D and 3D p-n junctions 
located in a strong UHF field (Fig. 5). 
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Figure 5. Dependence of differential conductance of 2D and 3D p-n junctions located in a strong microwave field on applied voltage 

Figure 5 shows Dependence of differential conductance of 2D and 3D p-n junctions located in a strong microwave 
field on applied voltage. The obtained results show that the differential conductance of a 3D-sized p-n junction located 
in a strong microwave field is small compared to the differential conductance of a 2D-sized p-n junction. This shows 
that the 2D p-n junction located in a strong microwave field is more efficient than the 3D p-n junction. 

Using the expressions (4), (6) and (8), the variation of the 2D p-n junction differential conductance without the 
influence of the microwave field, under the influence of the weak and strong UHF field is shown in Fig. 6. 
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Figure 6. Variation of the differential conductance of a 2D p-n junction under the influence of a strong microwave field 
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From the obtained results, it can be seen that the differential conductance of the 2D-sized p-n junction increases 
under the influence of a strong microwave field. 
 

COMPARISON OF DIFFUSION CAPACITIES OF 2D AND 3D p-n JUNCTIONS 
For 3D-dimensional p-n junction diffusion capacitance [28] 
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using the expression, its graph on a logarithmic scale can be obtained (Fig. 7). 
The diffusion capacity of a 2D p-n junction is determined by the following relation [27]: 
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The graph of expressions (10) and (11) on a logarithmic scale is shown in Figure 8. 
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Figure 7. Voltage dependence of the diffusion capacitance for a 
3D p-n junction 

Figure 8. Voltage dependence of diffusion capacity for 2D 
monolayer SL MoS2 

We compare the diffusion capacities of p-n junctions in 3D and 2D sizes from a theoretical point of view (Fig. 10). 
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Figure 9. Comparison of barrier and diffusion capacities for 
silicon-based 3D p-n junction and 2D monolayer MoS2 [26] 

Figure 10. Voltage dependence of p-n junction diffusion 
capacitance in 3D and 2D dimensions 

As can be seen from Figures 9 and 10, the theoretical calculations and experimental results show that the diffusion 
capacity for 2D monolayer SL MoS2 is larger than the 3D Si diffusion capacity. 
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Electrons and holes in a 3D p-n junction are not heated under the influence of a weak microwave field, and we 
have an expression for the diffusion capacity of a p-n junction when only the perturbation of the potential barrier is 
obtained [29]: 

 
( )1

2

e U U
s kTeIC e

kT

φτ + −
−

= . (11) 

2D single-layer SL MoS2 diffusion capacitance, assuming equal electron and hole lifespan when the potential 
barrier height is perturbed, that is, considering that n pτ τ τ= = , we have the following expression for the diffusion 
capacity of a 2D monolayer SL MoS2: 
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Using the expression (11) and (12), it is possible to obtain a graph of the applied voltage dependence of the 2D and 
3D p-n junction diffusion capacitances located in a weak microwave field (Fig. 11).   
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Figure 11. Dependence of the applied voltage of the 2D and 3D p-n junction diffusion capacitance located in a weak microwave field 

As can be seen in Fig. 11, the theoretical calculations show that the diffusion capacity for 2D single-layer SL 
MoS2 in the weak microwave field is greater than the 3D Si diffusion capacity. 

We have the following expression for the differential conductance of a 3D-dimensional p-n junction under the 
influence of a strong microwave field: 
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Electrons and holes in a 2D p-n junction are heated under the influence of a strong microwave field, taking into 
account the perturbation of the potential barrier height, the lifespan of electrons and holes are equal, that is, considering 
that n pτ τ τ= = , in 2D size we have the following expression for the diffusion capacity of monolayer SL MoS2:  
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Using the expression (13) and (14), it is possible to obtain a graph of the applied voltage dependence of the 
diffusion capacity of a single-layer SL MoS2 in 2D and 3D dimensions located in a strong microwave field (Fig. 12). 

It can be seen from Fig. 12 that the diffusion capacity for 2D monolayer SL MoS2 located in a strong microwave 
field is greater than the 3D Si diffusion capacity. 

Using the expressions (10), (12) and (14), the variation of the 2D p-n junction diffusion capacitance under the 
influence of the microwave field is shown in Fig. 13. 

The obtained results show that the 2D p-n junction diffusion capacity increases under the influence of a strong 
microwave field. 
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Figure 12. Dependence of the applied voltage of the 2D and 3D 

p-n junction diffusion capacitance located in a strong microwave field 
Figure 13. Voltage dependence of the diffusion capacity for a 

2D single-layer SL MoS2 in a strong microwave field 
 

CONCLUSIONS 
− The differential conductance of a 3D p-n junction is smaller than the differential conductance of a 2D p-n junction. 
− The differential conductance of a 3D-dimensional p-n junction located in a weak and strong microwave field is 

small compared to the differential conductance of a 2D-dimensional p-n-junction. This shows that the 2D 
p-n junction located in weak and strong microwave field is more efficient than the 3D p-n junction. 

− Theoretical calculations show that the diffusion capacity for 2D single-layer SL MoS2 in both weak and strong 
microwave fields is greater than that of Si in 3D. 

− The differential conductance and diffusion capacity of the 2D-sized p-n junction also increase under the influence 
of a strong microwave field. 
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ПОРІВНЯННЯ ДИФЕРЕНЦІАЛЬНОЇ ПРОВІДНОСТІ ТА ДИФУЗІЙНОЇ ЄМНОСТІ 2D І 3D P-N ПЕРЕХОДУ 

Мухамаджон Г. Дадамірзаєв, Мамура О. Косимова, С.Р. Бойдедаєв, Азамат С. Махмудов 
Наманганський інженерно-будівельний інститут, Наманган 160103, Узбекистан 

Під час виготовлення тривимірних p-n-переходів легування або модифікація поверхні, викликана ін’єкцією іонів, змінює 
електричні властивості та кристалічну структуру напівпровідника. Крім того, у міру зменшення розмірів 
напівпровідникового приладу в них поступово виникають різноманітні квантові ефекти. Це показує, що сфера застосування 
класичної теорії пристроїв зараз обмежена. Останніми роками великий інтерес викликають двовимірні (2D) матеріали з 
дивовижними атомарно тонкими властивостями. Властивості електростатичного поля деяких 2D p-n-переходів, таких як 
WS2, MoS2, MoSe2, WSe2 і чорний фосфор (BP), відкривають двері для нових можливостей для напівпровідників. 
Порівняно зміни дифузійної ємності та диференціальної провідності двовимірних p-n-переходів під впливом НВЧ-поля та 
дифузійних ємностей і диференціальної провідності двовимірних та тривимірних p-n-переходів під впливом НВЧ-поля. 
Ключові слова: p-n-перехід; дифузійна ємність; диференціальна провідність; мікрохвильове поле; двовимірні матеріали 




