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1|Introduction    

Creation of new types of microelectronic devices and optimization of existing ones is the basis for the creation 

of new integrated circuits [1–5]. For both creating new types of microelectronic devices and optimizing 

existing ones, it is necessary to analyze processes occurring both during the creation of devices and during 

their operation [1–5]. In this paper, we consider a multilayer structure, which consists of a substrate and an 

epitaxial layer (Fig. 1). An impurity is inputted into the epitaxial layer using diffusion or ion implantation. At 

the optimal value of annealing time, the sharpness of the p-n junction increases [6–9]. At the same time, with 

the increase in the sharpness, the homogeneity of distribution of the considered concentration in the enriched 

area also increases. A qualitative structure of the p-n-junction is shown in Fig. 2. In this figure and further in 

the text, the following designations are introduced: k is the contact potential difference; U (t) is the applied 

difference of potentials; Ln and -Lp are the boundaries of the p-n-junction area. The main aim of the present 

paper is the analysis of the transport of charge carriers in p-n junctions after radiation processing of p-n-
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  junction materials. An accompanying aim of the paper is the introduction of an analytical approach for analysis 

of the considered transport, taking into account the simultaneous changes of the properties of materials in 

space and time and, at the same time, accounting for the nonlinearity of the considered transport. 

 

Fig. 1. Initial distributions of dopants and types of conductivity in the considered two-layer structure.  

Curve 1 corresponds to the initial distribution of infused dopant. Curve 2 corresponds to the initial distribution 

of implanted impurity. Initial distribution of dopant and types of conductivity of multiplayer structure 

 

Fig. 2. Qualitative structure of p-n-junction. 

2|Method of Solution 

Let us describe spatio-temporal distributions of concentrations of charge carriers in the considered p-n-

junction by the following system of equations 

Here  (x,t) ( = n, p) are the spatio-temporal distributions of concentrations of electrons (for  = n) and 

holes (for  = p); x is the coordinate; t is the time; 0 are the equilibrium distributions of charge carriers; D 

are the diffusion coefficients of charge carriers;  (x,t) is the distribution of potential in area of space charge; 

h(x,t) is the potential barrier of heterojunction (now we consider, that we can neglect by quantum effects); 

G is the velocity of generation of electron-hole pairs; knp(x, T) is the parameter of recombination;  are the 

mobilities of charge carriers. It should be noted that the value of charge carrier mobility depends on the 
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  properties of the material and changes with variation of coordinate x in any multilayer structure. The value of 

the mobility also depends on the value of the tenseness of the electric field [4], [10]. 

where vsat is the saturation value of drift velocity. Boundary and initial conditions for the system of Eq. (1) 

could be written as 

Let us determine the distribution of potential in the area of space charge as the solution of the following 

Poisson equation [4]. 

where Na (x,t) and Nd (x,t) are the spatiotemporal distributions of acceptor and donor dopants, respectively; 

e is the elementary charge;  is the electric inductivity of materials; 08,85 10-12 F/m is the dielectric constant. 

Boundary conditions for the Poisson equation could be written as 

Further, let us consider single-carrier ionization, when Na (x,t) = p (x,t) and Nd (x,t) = n (x,t). In this situation 

One can obtain a solution of the above equation with boundary Conditions (5) in the following form 

Let us solve the system of Eq. (1) by the method of averaging of functional correction [9], [11]. In the 

framework of the method, we replace the concentrations of charge carriers n (x,t) and p (x,t) with their average 

values n1 and p1, which are not yet known. The replacement gives us the possibility to obtain first-order 

approximations of the concentrations in the following form 

Integration of the left and right parts of Eq. (7) over time leads to relations, which describe the first-order 

approximations of required concentrations of charge carriers 
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Not yet known average values n1 and p1 were determined by a framework standard iterative procedure of 

method of averaging of function corrections, i.e. 

Substitution of the first-order approximations of charge carriers into Relation (9) gives a possibility to obtain 

equations for calculations of not yet known average values n1 and p1 

Solution of the system of Eq. (10) by standard approaches [12] leads to the following result 
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Now we determine the second-order approximations of concentrations of charge carriers by using the 

standard iterative procedure of the method of averaging of function corrections [9], [11]. In the framework 

of the procedure, one shall replace the required concentrations in the following sums n (x,t) →n2+n1 (x,t) 

and p (x,t) →p2+p1(x,t)) on the right-hand side of Eq. (1). The replacement gives a possibility to obtain an 

equation for calculating the second-order approximations of concentrations of charge carriers in the following 

form 

Integration of the left and right parts of Eq. (12) over time leads to relations, which describe the second-order 

approximations of required concentrations of charge carriers 

Not yet known average values n2 and p2 were determined by the framework standard iteration procedure 

of the method of averaging of function corrections, i.e. 
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The solution of the above equation could be written as 
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0 L 0 0 Ln p

Θ t
e k n x, t p x, t d x d t α Θ t v t d t α α k d x d t

Θ L L − −

 −
 = − − − 

+  
      

( ) ( )
( ) ( ) ( )

n n

p p

Θ L Θ L Θ

np np 1 sat

0 L 0 L 0n p n p

Θ t Θ t
k d x d t 1 k n x, t d x d t Θ t v t d t

Θ L L Θ L L− −

 − −
 + + + − 

+ +  
      

( )
( ) ( ) ( ) ( )

n n

p p

Θ L Θ Θ L

np 1 sat np 1

0 L 0 0 Ln p

Θ t
1 k p x, t d x d t Θ t v t d t k n x, t d x

Θ L L − −

 −
 + + − + 

+  
      

( ) ( )
( )

( ) ( )

n n

p p

Θ L Θ L

n1 p1

np 1 np

0 L 0 Ln p n p n p n p

α αΘ t Θ t Θ t
d t k p x, t d x d t k d x d t

Θ L L Θ L L Θ L L Θ L L− −

− − −
+ 

+ + + +
     
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Now let us calculate spatio-temporal distributions of concentrations of radiation defects. We calculate the 

above distributions by solving the following system of equations [13], [14]. 

( )
( )

( ) ( ) ( ) ( )
n n

p p

Θ L Θ L Θ

np np 1 1 n1 sat

0 L 0 L 0n p

Θ t
Θ t k d x d t k n x, t p x, t d x d t α Θ t v t d t .

Θ L L− −

− 
− − + − 

+   
      

( )
( ) ( ) ( ) ( )

n n

p p

Θ L Θ Θ L

np 1 1 p1 sat n1 p1 np

0 L 0 0 Ln p

Θ t
f k n x, t p x, t d x d t α Θ t v t d t α α k d x d t

Θ L L − −

 −
 = − − − 

+  
      

( )
( ) ( ) ( )

( )
( )

n n

p p

Θ L Θ Θ L

np 1 sat np 1

0 L 0 0 Ln p n p

Θ t Θ t
k p x, t d x d t Θ t v t d t 1 k p x, t d x d t

Θ L L Θ L L− −

 − −
 − + + 

+ +  
      

( )
( )

( )
( ) ( ) ( )

n n

p p

Θ L Θ L Θ

n1 p1

np np 1 1 n1

0 L 0 L 0n p n p

α α Θ t
Θ t k d x d t k n x, t p x, t d x d t α Θ t

Θ L L Θ L L− −

 −
 − − + − 

+ +
      

( )
( )

( ) ( ) ( )
( )

n n

p p

Θ L Θ Θ L

sat np 1 n1 sat np

0 L 0 0 Ln p n p

Θ t Θ t
v t d t k p x, t d x d t α Θ t v t d t k

Θ L L Θ L L− −

− −
 − − − 

+ +
      

( ) ( ) ( )
n n

p p

Θ L Θ L

n1 p1 np

1 1 np 1

n p n p0 L 0 L

α α kΘ t Θ t
n x, t p x, t d x d t k d x d t p x, t d x d t

Θ L L L L Θ
− −

− −
+ − 

+ +
     

( ) ( ) ( )
n n

p p

Θ L Θ L Θ

n1 p1

np np 1 1 n1

n p n p0 L 0 L 0

α α Θ t 1 Θ t
k d x d t k n x, t p x, t d x d t α Θ t

Θ L L Θ L L
− −

 − −
 − + − 

+ +
      

( )
( )

( )
n n

p p

Θ L Θ L Θ

n1 p1

sat np 1 np

n p n p0 L 0 L 0n p

α αΘ t Θ t Θ t
v t d t k p x, t d x d t k d x d t

Θ L L L LΘ L L − −

− − −
 − −  + ++ 

      

( ) ( ) ( ) ( )
n

p

L Θ

np 1 1 n1 sat

L 0

1
k n x, t p x, t d x d t α Θ t v t d t .

Θ
−


+ −


   

( )
( )

( )
( )

( )
I I

I x, y,z, t I x, y,z, t I x, y,z, t
D x, y,z,T D x, y,z,T

t x x y y

       
= + −   

       
 

( ) ( ) ( )
( )

( )2

I,I I I,V

I x, y,z, t
k x, y,z,T I x, y,z, t D x, y,z,T k x, y,z,T

z z

  
+ −  
  

( ) ( )I x,y,z, t V x,y,z, t  

( )
( )

( )
( )

( )
V V

V x, y,z, t V x, y,z, t V x, y,z, t
D x, y,z,T D x, y,z,T

t x x y y

       
= + −   

       
 

( ) ( ) ( )
( )

( )2

V,V V I,V

V x, y,z, t
k x, y,z,T V x, y,z, t D x, y,z,T k x, y,z,T

z z

  
+ −  
  

( ) ( )I x,y,z, t V x,y,z, t .  

(17) 
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  with boundary and initial conditions 

Here I (x,y,z,t) is the spatio-temporal distribution of radiation interstitials with equilibrium distribution I*; V 

(x,y,z,t) is the spatio-temporal distribution of radiation vacancies with equilibrium distribution V*; DI(x,y,z,T) 

and DV(x,y,z,T) are the diffusion coefficients of interstitials and vacancies, respectively; terms V2(x,y,z,t) and 

I2(x,y,z,t) correspond to generation of divacancies and diinterstitials (see, for example, [15] and appropriate 

references in the work); kI,V(x,y,z,T) is the parameters of recombination of point radiation defects; kI,I(x,y,z,T) 

and kV,V(x,y,z,T) are the parameters of generation of complexes of simplest complexes of point radiation 

defects (diinterstitials and divacancies). We calculate the spatio-temporal distributions of concentrations of 

divacancies V (x,y,z,t) and diinterstitials I (x,y,z,t) as solutions of the following system of equations [14–

16]. 

with boundary and initial conditions 

( )

x 0

I x, y,z, t
0,

x
=


=


 

( )

xx L

I x, y,z, t
0,

x
=


=


 

( )

y 0

I x, y,z, t
0,

y
=


=


 

( )

yy L

I x, y,z, t
0,

y
=


=


 

( )

z 0

I x, y,z, t
0,

z
=


=


 

( )

zz L

I x, y,z, t
0,

z
=


=


 

( )

x 0

V x, y,z, t
0,

x
=


=


 

( )

xx L

V x, y,z, t
0,

x
=


=


 

( )

y 0

V x, y,z, t
0,

y
=


=


 

( )

yy L

V x, y,z, t
0,

y
=


=


 

( )

z 0

V x, y,z, t
0,

z
=


=


 

( )

zz L

V x, y,z, t
0,

z
=


=


 

I (x,y,z,0)=fI  (x,y,z), V (x,y,z,0)=fV  (x,y,z). 

(18) 

( )
( )

( )
( )

( )I I I

ΦI ΦI

Φ x, y,z, t Φ x, y,z, t Φ x, y,z, t
D x, y,z,T D x, y,z,T

t x x y y

       
= + +   

       
 

( )
( )

( ) ( ) ( )I

ΦI I I,I

Φ x, y,z, t
D x, y,z,T k x, y,z,T I x, y,z, t k x, y,z,T

z z

  
+ +  

  
 

( )2I x,y,z, t ,   

( )
( )

( )
( )

( )V V V

ΦV ΦV

Φ x, y,z, t Φ x, y,z, t Φ x, y,z, t
D x, y,z,T D x, y,z,T

t x x y y

       
= + +   

       

( )
( )

( ) ( ) ( )V

ΦV V V,V

Φ x, y,z, t
D x, y,z,T k x, y,z,T V x, y,z, t k x, y,z,T

z z

  
+ +  

  
 

( )2V x, y,z, t .  

(19) 

( )I

x 0

Φ x, y,z, t
0,

x
=


=



( )

x

I

x L

Φ x, y,z, t
0,

x
=


=



( )I

y 0

Φ x, y,z, t
0,

y
=


=



( )

y

I

y L

Φ x, y,z, t
0,

y
=


=


(20) 



 Pankratov |  J. Mater. Manuf. Technol. 3(1) (2026) 1-15 

 

9

 

  

Here DI(x,y,z,T) and DV(x,y,z,T) are the diffusion coefficients of diinterstitials and divacancies, respectively; 

kI(x,y,z,T) and kV(x,y,z,T) are the parameters of decay of simplest complexes of defects. 

To calculate the distributions, we also used the method of averaging of function corrections. In the framework 

of the approach, we replace the concentrations I (x,y,z,t) and V (x,y,z,t) with their average values 1I and 1V. 

After the replacement, we obtained equations for the first-order approximations of concentrations of point 

radiation defects I1 (x,y,z,t) and V1 (x,y,z,t) 

Integration over time of the left and right sides of the above equations gives us the possibility to obtain the 

functions I1 (x,y,z,t) and V1 (x,y,z,t) in the final form 

Average values of the first-order approximations of concentrations of point radiation defects could be 

calculated by the standard relation 

where R = I,V. Substitution of Solutions (21) into the above relation  gives us the possibility to obtain the 

following equations for the average values 1I and 1V 

where 

( )I

z 0

Φ x, y,z, t
0,

z
=


=



( )

z

I

z L

Φ x, y,z, t
0,

z
=


=



( )V

x 0

Φ x, y,z, t
0,

x
=


=



( )

x

V

x L

Φ x, y,z, t
0,

x
=


=



( )V

y 0

Φ x, y,z, t
0,

y
=


=



( )

y

V

y L

Φ x, y,z, t
0,

y
=


=



( )V

z 0

Φ x, y,z, t
0,

z
=


=


 

( )

z

V

z L

Φ x, y,z, t
0,

z
=


=


 

I (x,y,z,0)=fI  (x,y,z), V (x,y,z,0)=fV  (x,y,z). 

( )
( ) ( )1 2

1I I,I 1I 1V I,V

I x, y,z, t
α k x, y,z,T α α k x,T ,

t


= − −


  

( )
( ) ( )1 2

1V V,V 1I 1V I,V

V x, y,z, t
α k x, y,z,T α α k x,T .

t


= − −


  

( ) ( ) ( ) ( )
t t

2

1 I 1I I,I 1I 1V I,V

0 0

I x, y,z, t f x, y,z α k x, y,z,T d τ α α k x, y,z,T d τ,= − −   

(21) 

( ) ( ) ( ) ( )
t t

2

1 V 1V V,V 1I 1V I,V

0 0

V x, y,z, t f x, y,z α k x, y,z,T d τ α α k x, y,z,T d τ.= − −   

( )
yx zLΘ L L

1R 1

x y z 0 0 0 0

1
α R x, y,z, t d zd yd x d t,

L L L Θ
=      (22) 

1010 1010

1I I,I 1V I,V I x y z

1010 1010

1I I,V 1V V,V V x y z

α B α B ΘC L L L Θ
,

α B α B ΘC L L L Θ

 + = −


+ = −
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Solution of the above system of equations is 

Approximations of the second and higher orders of concentrations of point radiation defects in the 

framework of the method of averaging of function corrections could be obtained by using the standard 

iteration procedure, i.e., by replacing the functions I (x, y,z,t) and V (x,y,z,t) in the following sums nI +In-

1(x,y,z,t) and  nV+Vn-1(x,y,z,t), where n is the order of approximation. In the present paper, we consider only 

the second-order approximations of the functions I (x,y,z,t) and V (x,y,z,t). The above substitution and 

integration over time of the left and right sides give us the possibility to obtain the second-order 

approximations of concentrations of defects I2(x,y,z,t) and V2 (x,y,z,t) in the following form 

 

Average values of the second-order approximation and approximations of the higher orders of concentrations 

of point radiation defects nI and nV could be calculated by using standard relations [9], [11]. 

( ) ( ) ( ) ( )
yx zLΘ L L

ijkl j l

R,R R,R i k

0 0 0 0

B Θ t k x, y,z,T I x, y,z, t V x, y,z, t d zd yd x d t,= −      

( )
yx zLL L

R R

0 0 0

C f x, y,z d zd yd x.=      

( )
2

V,V I,I I,V

1V I,V x y z V x y z V,V

I,I V,V

B B B
α B L L L Θ C L L L ΘB ,

B B

+
 = − −
 

  

I x y z 1V I,V

1I

I,I

C L L L Θ α B
α .

B

− −
=   

( ) ( )
( )

( )
t t

1

2 I I

0 0

I x, y,z, τ
I x, y,z, t D x, y,z,T d τ D x, y,z,T

x x y

   
= +   
      

 

( )
( )

( )
( )

t t

1 1

I I,I

0 0

I x, y,z,τ I x, y,z, τ
d τ D x, y,z,T d τ k x, y,z,T

y z z

   
+ −  

     
 

( ) ( ) ( ) ( ) ( )
t

2

2I 1 I,V 2I 1 2V 1 I

0

α I x, y,z, τ d τ k x,T α I x, y,z, τ α V x, y,z, τ d τ f x, y, z +  −  +   +  +     

( ) ( )
( )

( )
t t

1

2 V V

0 0

V x, y,z,τ
V x, y,z, t D x, y,z,T d τ D x, y,z,T

x x y

   
= +   
      

 

( )
( )

( )
( )

t t

1 1

V V,V

0 0

V x, y,z, τ V x, y,z, τ
d τ D x, y,z,T d τ k x, y,z,T

y z z

   
+ −  

     
 

( ) ( ) ( ) ( ) ( )
t

2

2V 1 I,V 2I 1 2V 1 V

0

α V x, y,z, τ d τ k x,T α I x, y,z, τ α V x, y,z, τ d τ f x, y, z . +  −  +   +  +       
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Substitution of the first- and second-order approximations of the functions I (x,y,z,t) and V (x,y,z,t) into Eq. 

(23) gives us the possibility to obtain equations for the average values 2I and 2V 

Solution of the above system of equations could be written as 

where 

( ) ( )
yx zLΘ L L

nR n n 1

x y z 0 0 0 0

1
α R x, y,z, t R x, y,z, t d zd yd x d t.

L L L Θ
−=  −       (23) 

( ) ( ) ( )
yx zLΘ L L

2

2I x y z I I,I 2I 1 1I

0 0 0 0

α L L L Θ C Θ t k x, y,z,T α I x, y,z, t d zd yd x d t α= − −  +  −       

( ) ( ) ( ) ( )
yx zLΘ L L

x y z I,V 2I 1 2V 1

0 0 0 0

ΘL L L Θ t k x,T α I x, y,z, t α V x, y,z, t d zd yd x d t− −  +   +         

( ) ( ) ( )
yx zLΘ L L

2

2V x y z V V,V 2V 1 1V

0 0 0 0

α L L L Θ C Θ t k x, y,z,T α V x, y,z, t d zd yd x d t α= − −  +  −       

( ) ( ) ( ) ( )
yx zLΘ L L

x y z I,V 2I 1 2V 1

0 0 0 0

L L L Θ Θ t k x,T α I x, y,z, t α V x, y,z, t d zd yd x d t.− −  +   +         

 

( ) ( ) ( )
2

2I 6 2 1 2 4 1 6 6 2 1

1 1 1
α a a a 4 y a y a a a a a a ,

2 4 4
= + −  + −  − +   

( )1110 1011 1210 1111 2 1010

2V I 2I I,I x y z I,V I,I I,V 1I x y z 2I I,Iα C α 2B L L L Θ B B B α L L L Θ α B = − + + − − − − 
 

( )1010 1110

2I I,V I,Vα B B ,+  

 

( ) ( )
2 2

1010 1010 1010 1010

1 V,V I,I I,I I,Va B B B B ,= −  ( ) (1010 1010 1110 1011

2 I,I V,V I,I x y z I,V xa B B 2B L L L Θ B L= + + −   

)( ) ( )
2

1110 1011 1010 1010 1110 1011 1110 1010 1110

y z I,I I,V I,V I,V V,V x y z I,V I,V I,I I,VL L Θ 2B B B B 2B L L L Θ B B B B ,+ + − + + + +  

( ) ( ) ( ) (
2 2

1010 1110 1011 1010 1210 1111 1110

3 V,V I,I x y z I,V I,V I I,I I,V 1I x y z V,Va B 2B L L L Θ B B C B B α L L L Θ 2B= + + + − − − − +  

( )( )1010 1110 1011 1110 1110 1011 1111

I,V V,V x y z I,V I,V I,I x y z I,V I,V 1V x y zB 2B L L L Θ B B 2B L L L Θ B B α L L L Θ− + + + + + + + +  

( )1010 1110 1110 1011 1210 1110 1010 1110

I,I I,V V,V x y z I,V V,V V I,V I,V I,VB B 2B L L L Θ B B C 2B B B ,− + + + − + (1010 1110

4 I,V V,Va B 2B= +  

)( ) ( )1011 1110 1210 1111 1110 1011

I,V I,V x y z I I,I I,V 1I x y z I,I x y z I,VB B L L L Θ C B B α L L L Θ 2B L L L Θ B+ + − − − − + +   

( ) ( )(1010 1210 1111 1010 1110 1011 1210

V,V I I,I I,V 1I x y z V,V I,I x y z I,V I I,IB C B B α L L L Θ B 2B L L L Θ B C B− − − − + + − −  

) ( )( )1111 1110 1110 1011 1110 1011 1110

I,V 1I x y z I,V I,I x y z I,V V,V x y z I,V I,VB α L L L Θ B 2B L L L Θ B 2B L L L Θ B B− − + + + + +   

( ) ( )
2

1010 1111 1210 1110 1110

I,V I,V 1V x y z V,V V I,V I,V2B B α L L L Θ B C B B ,+ + − + (1010 1210 1111

5 V,V I I,I I,Va B C B B= − − −  
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The system of Eq. (19) is solved using the method of averaging of function corrections. In the framework of 

the approach, we replace the functions I (x,y,z,t) and V (x,y,z,t) on the right-hand side of Eq. (19) with 

their average values 1I and 1V. After the replacement, we obtain the equations for the first-order 

approximations of concentrations of simplest complexes of radiation defects 1I (x,y,z,t) and 1V (x,y,z,t) in 

the following form 

Integration of the left and right parts of the equations over time gives us the possibility to obtain the first-

order approximations of concentrations of divacancies and diinterstitials in the final form 

Average values 1I and 1V of the first-order approximations of concentrations of divacancies and 

diinterstitials could be calculated by standard relations, which are analogous to Relation (22). By calculation, 

we obtain the following result 

where 

The second-order approximations of concentrations of divacancies and diinterstitials could be calculated by 

the standard iteration procedure of the method of averaging of function corrections. The approximations 

could be written as 

) ( ) ( )
2

1010 1010 1210 1111 1110 1011

1I x y z V,V I,I 1I x y z I,I I,V I V,V x y z I,Vα L L L Θ B B α L L L Θ B B C 2B L L L Θ B+ + + − + + +   

( ) ( ) ( )
2

1110 1210 1111 1110 1111 1210

I,V I I,I I,V 1I x y z I,V I,V 1V x y z V,V VB C B B α L L L Θ B B α L L L Θ B C ,− − − + + + −  

( )3 2

3 1 4 1 3 2 4 5

3

1

2a 27a a 9a a a a 4a
q ,

432a

+ − −
=  2 3 2 33 3y q q p q q p ,= − + + − + +  

2

1 3 2

2

1

24a a a
p .

13824a

−
=  

2

32
6 2

1 1

aa
a 8y 4 .

a a
= − + −  

( )
( ) ( ) ( ) ( )I1 2

I,I I

Φ x, y,z, t
k x, y,z,T I x, y,z, t k x, y,z,T I x, y,z, t ,

t


= −


  

( )
( ) ( ) ( ) ( )V1 2

V,V V

Φ x, y,z, t
k x, y,z,T V x, y,z, t k x, y,z,T V x, y,z, t .

t


= −


  

( ) ( ) ( ) ( ) ( ) ( )2

I1 I,I ΦI IΦ x,y,z, t k x,y,z,T I x,y,z, t f x,y,z k x,y,z,T I x, y,z, t ,= + −  

(24) 

( ) ( ) ( ) ( ) ( ) ( )2

V1 V,V ΦV VΦ x,y,z, t k x,y,z,T V x,y,z, t f x,y,z k x,y,z,T V x, y,z, t .= + −  

( )1 2

1ΦI I I I x y zα ΘF E E L L L Θ,= − +  ( )1 2

1ΦV V V V x y zα ΘF E E L L L Θ,= − +   

( ) ( ) ( ) ( )
yx zLΘ L L Θ

1 2

R R R

0 0 0 0 0

E Θ t k x, y,z, t R x, y,z,T d zd yd x d t,  E Θ t= − = −     

( ) ( ) ( )
y yx z x zL LL L L L

2

R,R R ΦR

0 0 0 0 0 0

k x, y,z,T R x, y,z, t d zd yd x d t,  F f x, y,z d zd yd x.=       
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Average values 2I and 2V could be determined by standard relation. The relation is similar to Relation (23). 

Results of calculation of the average values could be written as 

where 

Analysis of spatio-temporal distributions of concentrations of charge carriers and radiation defects has been 

done analytically by consideration of their second-order approximations. Analytical results were checked by 

comparison with results of direct numerical simulation. 

3|Discussion 

In this paper, we analyzed the solution of Eq. (1) with account solutions of Eqs. (17) and (19). We obtained 

that increasing the intensity of radiation processing of materials leads to a decrease in charge carriers mobility 

(see Fig. 3). The result has qualitative coincidence with experimental data. The decrease in charge carriers 

mobility corresponds to a decrease in the drift component of the current of charge carriers. At the same time, 

an increase in the intensity of radiation processing of materials leads to an increase in the intensity of diffusion, 

stimulated by radiation. In this situation, one can find an increase in the diffusion component of the current 

of charge carriers (see Fig. 4). 

( ) ( )
( ) ( )

t t

I1 I1

I2 ΦI

0 0

Φ x, y,z, τ Φ x, y,z, τ
Φ x, y,z, t D x, y,z,T d τ

x x y y

    
= +   
       

   

( ) ( )
( )

( )
t t

I1

ΦI ΦI I

0 0

Φ x, y,z, τ
D x, y,z,T d τ D x, y,z,T d τ k x, y,z,T

z z

 
 + +      

   

( ) ( ) ( ) ( )
t

2

I,I ΦI

0

I x, y,z, τ d τ k x, y,z,T I x, y,z, τ d τ f x, y,z ,+ +  

( ) ( )
( ) ( )

t t

V1 V1

V2 ΦV

0 0

Φ x, y,z, τ Φ x, y,z, τ
Φ x, y,z, t D x, y,z,T d τ

x x y y

    
= +   
       

   

( ) ( )
( )

( )
t t

V1

ΦV ΦV V

0 0

Φ x, y,z, τ
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z z

 
 + +      

   

( ) ( ) ( ) ( )
t

2

V,V ΦV

0
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1 2 1
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 +   

     
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Fig. 3. Typical distributions of charge carrier mobility at different values of dose of 

radiation processing in implanted-junction rectifier.  

An increase in the number of curves corresponds to an increase in the value of the dose 

 

 

Fig. 4. Typical distributions of the diffusion component of current of charge carriers at 

different values of dose of radiation processing in implanted-junction rectifier.  

Increasing the number of curves corresponds to a decrease in the value of the dose 

4|Conclusion 

We introduce a model for analysis of the influence of radiation processing on transport of charge carriers in 

p-n-junctions (we analyzed processes in implanted-junction rectifiers as an example of analysis), which were 

manufactured in multilayer structures. The model gives the possibility to take into account a larger quantity 

of factors in comparison with existing models in the literature. We also introduce an analytical approach to 

analyze the transport of charge carriers. The approach makes it possible to simultaneously take into account 

changes in the properties of materials in space and time, as well as the nonlinearity of the considered transport. 
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