
        Corresponding Author: elp2004@mail.ru 

        https://doi.org/10.22105/kmisj.v2i1.122 

Licensee System Analytics. This article is an open access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0). 

 

 
 

 

 

 

 

1|Introduction 

The widespread use of multilayer structures for the manufacturing of solid-state electronic devices 

necessitates improving the properties of their constituent epitaxial layers. At present, several technological 

processes are used to grow multilayer structures: molecular beam epitaxy, gas-phase epitaxy, and magnetron 

sputtering. A large number of works consider the growth and use of heterostructures, given their widespread 

use [1–10]. It is well known that heterostructures experience strain due to lattice mismatch. In this paper, we 

consider the possibility of reducing mismatch-induced stress by radiation-processing the substrate before 

epitaxial layer growth. After that, we consider the heterostructure during its growth in a reactor from the gas 

phase (see Fig. 1). We also introduce an analytical approach for analyzing mass and heat transport. The 

approach allows simultaneous consideration of both spatial and temporal changes in mass-transfer 

parameters. The approach also allows consideration of the nonlinearity of the processes. 
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  a. 

b. 

Fig. 1. Gas-phase epitaxy reactor with a sloping substrate holder: a. reactor structure, 

b. side view of the holder and its linear approximation with slope angle 1. 

2|Method of Solution 

To achieve our aim, we calculate the spatio-temporal distributions of radiation defect concentrations by 

solving the following system of equations [11–14]. 
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Here I (r,,z,t) is the spatio-temporal distribution of concentration of radiation interstitials with equilibrium 

distribution V*; V (r,,z,t) is the spatio-temporal distribution of concentration of radiation vacancies with 

equilibrium distribution V*; DI(r,,z, T), DV(r,,z, T), DIS(r,,z, T), DVS(r,,z, T) are the coefficients of 

volumetric and surficial diffusions of interstitials and vacancies, respectively; terms V2(r,,z,t) and I2(r,,z,t) 

correspond to generation of divacancies and diinterstitials, respectively (see, for example, [14] and appropriate 

references in this book); kI, V(r,,z, T), kI, I(r,,z, T) and kV, V(r,,z, T) are the parameters of recombination of 

point radiation defects and generation of their complexes. Spatio-temporal distributions of divacancies V (r, 

z, t)) and diinterstitials I (r, z, t)) could be determined by solving the following system of equations [13], 

[14]. 
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with boundary and initial conditions 

Here DI(x,y,z, T), DV(x,y,z, T), DIS (x,y,z, T) and DVS(x,y,z, T) are the coefficients of volumetric and 

surficial diffusions of complexes of radiation defects; kI(x,y,z, T) and kV(x,y,z, T) are the parameters of decay 

of complexes of radiation defects. 

Chemical potential 1 in Eqs. (1) and (2) can be determined by the following relation [11]. 
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  where  is the Poisson coefficient; 0 = (as-aEL)/aEL is the mismatch parameter; as, aEL are lattice distances of 

the substrate and the epitaxial layer; K is the modulus of uniform compression;  is the coefficient of thermal 

expansion; Tr is the equilibrium temperature, which coincides (for our case) with room temperature. 

Components of the displacement vector can be obtained by solving the following equations [12]. 
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The conditions for the system of the above equations can be written in the form. 

We determine the spatio-temporal distributions of radiation defect concentrations by solving Eqs. (1) and (2) 

in the framework of the standard method of averaging of function corrections [15–18]. Previously, we 

transformed Eqs. (1) and (2) to the following form, taking into account initial distributions of the considered 

concentrations: 
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Further, we replace the radiation defect concentrations on the right-hand sides of Eqs. (1.a) and (2.a) with 

their not yet known average values 1. In this situation, we obtain equations for the first-order 

approximations of the required concentrations in the following form. 
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Integration of the left and right sides of Eqs. (1.b) and (2.b) over time gives us the possibility to obtain relations 

for the above approximation in the final form 

 
    



























 tzr

Tk

D

r
Ltzr

Tk

D
r

rr
L

t

tzrI
S

IS

IS

IS

I
,,,,,,

,,,
1111

1 





  

      
 


 Tzrk

z

tzrvtzrv

rr

tzrvr

r
III

z

I

IrI ,,,
,,,,,,,,,

,

2

11

11 











   

     tzrfTzrk
IVIVI

 ,,,,,
,11

 , 

(1.b) 

 
    



























 tzr

Tk

D

r
Ltzr

Tk

D
r

rr
L

t

tzrV
S

VS

VS

VS

V
,,,,,,

,,,
1111

1 





  

      
 


 Tzrk

z

tzrvtzrv

rr

tzrvr

r
VVV

z

V

VrV ,,,
,,,,,,,,,

,

2

11

11 











   

     tzrfTzrk
VVIVI

 ,,,,,
,11

 , 

 
    






































 


tzr

Tk

D
r

r
tzr

Tk

D
r

rr
L

t

tzr
S

S

S

SI II

I
,,,,,,

,,,
111

1 





  

       tzrITzrktzrITzrk
III

,,,,,,,,,,,, 2

,
  . 

(2.b) 

 
    






































 


tzr

Tk

D
r

r
tzr

Tk

D
r

rr
L

t

tzr
S

S

S

SV VV

V
,,,,,,

,,,
111

1 







 

       tzrVTzrktzrVTzrk
VVV

,,,,,,,,,,,, 2

,
 

. 

 

      





































t

S

IS
t

S

IS

I
dzr

Tk

D
dzr

Tk

D
r

rr
LtzrI

0
1

0
111

,,,,,,,,, 


  

      








t

zI

t
I

t

r

I dzrv
z

dzrv
r

dzrvr
rr 0

1
0

1

0

1 ,,,,,,,,, 















 

     zrfdTzrkdTzrk
I

t

VIVI

t

III
,,,,,,,,

0
,11

0
,

2

1
  , 

(1.b) 

      





































t

S

VS
t

S

VS

V
dzr

Tk

D
dzr

Tk

D
r

rr
LtzrV

0
1

0
111

,,,,,,,,, 


  
(2.b) 



 On preliminary processing of substrate to decrease of mismatch-induced stresses in a heterostructure 

 

86

 

  

We determine the average values of the first-order approximations to the concentrations of radiation defects 

using the following Relation (16) [15–18]. 

Substitution of the Relations (1b) and (2b) into Relation (7) gives us the possibility to obtain the required average 

values in the following form. 
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We determine approximations of the second and higher orders of the concentrations of radiation defects 

using the standard iterative procedure of the method of averaging of function corrections [15–18]. In the 

framework of the procedure to determine approximations of the n-th order of concentrations of radiation 
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Integration of the left- and right-hand sides of Eqs. (1.c) and (2.c) gives us the possibility to obtain relations 

for the required concentrations in the final form 
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  Average values of the second-order approximations of the required approximations are obtained using the 

following standard relation [15–18]. 

Substitution of the Relations (1d) and (2d) into Relation (8) gives us the possibility to obtain relations for the 

required average values  2 
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  Further, we calculate solutions to Eq. (6), i.e., the components of the displacement vector. To calculate the 

first-order approximations of the considered components in the framework of the method of averaging of 

function corrections, we replace the required functions in the right-hand sides of the equations by their not 

yet known average values i. The substitution leads to the following result: 

Integration of the left and the right sides of the above relations over time t leads to the following result: 

Approximations of the second and higher orders of components of the displacement vector could be 

determined by using standard replacement of the required components in the following sums i+ui(r,,z,t) 

[15–18]. The replacement leads to the following result: 
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Integration of the left and right sides of the above relations over time t leads to the following result: 
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Now we determine and analyze the spatio-temporal distribution of temperature. To analyze the distribution, 

we determine the solution of the second Fourier law [19]. 

Here v  is the speed of flow of mixture of gases-reagents (we consider gases- reagents as ideal gases); c is the 

heat capacity; T (r,,z,t) is the spatio-temporal distribution of temperature; p (r,,z,t) is the density of power 

in the system substrate-keeper of substrate; r, , z and t are the cylindrical coordinates and time; C (r,,z,t) is 

the spatio-temporal distribution of concentration of mixture of gases-reagents;  is the heat conductivity. The 

following relation can determine the value of heat conductivity: vλ v lc ρ 3 , where v  is the speed of the gas 

molecules, l  is the average free path of gas molecules between collisions, cv is the specific heat at constant 

volume, and  is the density of gas. 

To solve Eq. (9), we shall take into account the movement of the mixture of gases and the concentration of 

the mixture. We determine the fluid velocity and concentration by solving the Navier-Stokes equation and 

the second Fick's law, respectively. We also assume that the radius of the substrate keeper, R, is essentially 
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  larger than the thicknesses of the diffusion and near-boundary layers. We also assume the gas stream is 

laminar. In this situation, the appropriate equations could be written as 

where D is the diffusion coefficient of the mixture of gases-reagents; P is the pressure;  is the density;  is 

the kinematic viscosity. Let us consider the regime of the limiting flow, in which all molecules of the deposit 

material approaching the disk deposit on the substrate; the flow is homogeneous and one-dimensional. In 

this case, boundary and initial conditions could be written as 

where   =5,6710-8 Wm-2K-4, Tr is the room temperature,  is the frequency of rotation of the substrate. 

Equations for components of velocity of flow with account cylindrical system of coordinate could be written 

as 

  v
P

vv
t

v 










 




, (10) 

 
       tzrCtzrvtzrCgradDdiv

t

tzrC
,,,,,,,,,

,,,








, (11) 

C (r,,-L,t) = C0, C (r,-1,z,t) = C (r,1,z,t) = C (r,-1,z,t) = C (r,+1,z,t), C 

(r,,z,0) =  

C0 (z+L), C (0,,z,t)  ,   0,,, 
S

tzrC  , T (r,-1,z,t) = T (r,1,z,t) = T 

(r,-1,z,t) =  

T (r,+1,z,t), 
 

0
,,,






Rr
r

tzrC 
, 

 
 tzRT

r

tzrT

S

,,,
,,, 4 


 




 , T 

(r,,z,0) =  

=Tr, 
   










20

,,,,,,









 tzrTtzrT
, 

 
 tLrT

z

tzrT

S

,,,
,,, 4 




 


 , 

(12) 

T (0,,z,t)  , 
 

0
,,,

0






r

r

r

tzrv 
, 

 
0

,,,






Rr

r

r

tzrv 
, vr (r,-1,z,t) = vr 

(r,1,z,t) =  

vr (r,-1,z,t) = vr (r,+1,z,t), v (r,-1,z,t) = v (r,1,z,t) = v (r,-1,z,t) = v 

(r,+1,z,t), 

vz (r,-1,z,t) = vz (r,1,z,t) = vz (r,-1,z,t) = vz (r,+1,z,t), vr (r,,-L,t) = 0, 

vr(r,,L,t) = 0, 

vr (0,,z,t)  , vz(r,,-L,t) = V0, vz(rd2/2,,z[-d2/2,d2/2],0) =  zcos  tg 

(1), 

v (r,,L,t) = 0, v(0,,z,t)  , vz(r,,0,t) = 0, vz(r,,L,t) = V0, vz(r,,L,t) = 

V0, 

vz(0,,z,t)  , vr(r,,z,0) = 0, v(r,,z,0) = 0, 

 



 On preliminary processing of substrate to decrease of mismatch-induced stresses in a heterostructure 

 

96

 

  

We determine the solution of this system of equations using the method of averaging of function corrections 

[15–18]. Within the framework of the approach, we first determine the first-order approximations of the 

components of the mixture's flow speed. To determine the first-order approximation, we replace the required 

functions with their average values vr((1r, v(((1(, vz((1z on the right-hand sides of the equations of system (10). 

After the replacement and calculation of the required derivatives, we obtain equations for the first-order 

approximations of the components: 

Integration of the left and the right sides with respect to time of the Relations (12) gives us the possibility to 

obtain the first-order approximations of the components of speed of flow in the final form. 

The second-order approximations of components of speed of flow could be obtained by replacement of the 

required functions on the following sums vr2r+v1r, v2+ v2r, vz2z+v2r. The average values 2r, 2, 

2z are not yet known. Approximations for the components could be written as 
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Integration of the above equations over time leads to the following result: 

Further, we determine average values 2r, 2, 2z. The average values have been calculated by the following 

relations [15–18]. 
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where  is the continuous movement of a mixture of gases through the considered horizontal reactor. 

Substitution of the first- and the second-order approximations of the required components of speed into the 

Relations (15) gives us the possibility to obtain a system of equations to determine required average values: 
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  The solution of the above system of equations could be determined by standard approaches [20] and could 

be written as 

where      233212332123321 BABACCACABCBCBA  ,   23321 CBCBDr
 

   2332123321 BDBDCCDCDB  ,      12332123321 CCDCDBCBCBD
 

 2332 BDBD  ,      233212332123321 BABADDADABDBDBAz  . 

In this section, we obtained components of the velocity of the stream of a gas-phase mixture used for the 

growth of a heterostructure, and the gas carrier in the second-order approximation framework for averaging-

function corrections. Usually, the second-order approximation is sufficient for a qualitative analysis of the 

solution and for obtaining some quantitative results. Let us rewrite Eqs. (10) and (11) by using a cylindrical 

coordinate system: 

In this section, we calculate the components of the speed of the gas reagents used to grow an epitaxial layer 

and the gas carrier, using a second-order approximation framework for averaging function corrections. 

Usually, the second-order approximation is sufficient for qualitative analysis and for obtaining some 

quantitative results. The results of the analytical calculation have been checked against those of the numerical 

simulation. 

To determine the spatio-temporal distributions of temperature and the gas mixture concentration, we used 

the method of averaging function corrections. To determine the first- order approximations of the required 

functions, we replace them with their not-yet-known average values 1T and 1C) on the right sides of the 

above equations. Further, we used the recently considered algorithm to obtain the first-order approximations 

of temperature and concentration of gas-reagents: 
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The standard relations could determine the above not-yet-known average values. 

Substitution of the first-order approximations for the temperature and gas concentration in Relation (22) 

yields the following results [20]. 

The second-order approximations of temperature and concentration of gases- reagents we determine frame 

the method of averaging of function corrections [15–18], i.e. by replacement of the required functions in right 

sides of Equations (18) and (19) on the following sums T2T +T1, C2C +C1. In this case, the second-

order approximations of the above required functions could be written as 
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Average values of the second-order approximations of the temperature and concentration of the mixture (2T 

and 2C) have been calculated using the following standard relations. 

Substitution of the first- and the second-order approximations of temperature and concentration of mixture 

into Relations (24) gives us the possibility to obtain equations to determine required average values 
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In this paper, we calculate the concentration of radiation defects, components of the displacement vector, 

and the speed of flow of the mixture of gases-reagents, as well as the growth temperature, using the second-

order approximation framework and averaging of function corrections. The approximation is usually good 

enough to support qualitative analysis and to obtain some quantitative results. All obtained results have been 

checked against numerical simulation results. 

3|Discussion 

In this section, we analyze the dynamics of mass and heat transfer during the growth of films in reactors for 

epitaxy from the gas phase to determine conditions that improve the properties of epitaxial layers. The main 

aim of this paper is to analyze the influence of substrate radiation processing on the mismatch-induced stress 

in the grown heterostructure. Fig. 2 shows distributions of concentrations in the considered heterostructure 

(a is the thickness of the epitaxial layer after completion of growth) and dependences of the component of 

the displacement vector uz on the coordinate z. 
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a.  

 

b.  

Fig. 2. Normalized distributions in irradiated epitaxial layers: a. displacement 

component (u_z) along the (z)-coordinate, b. vacancy concentration along 

the (z)-coordinate for unstressed and stressed layers. 

 

Analysis of the considered processes shows that preliminary radiation processing of the substrate allows 

decreasing mismatch-induced stress in the considered heterostructure during growth at high temperature. 

However, one can find a smoother interface between the layers of the heterostructure. 

4|Conclusion 

In this paper, we introduce an approach to reduce mismatch-induced stress in a heterostructure by radiation 

processing of the substrate before the growth of epitaxial layers from the gas phase. In this situation, one can 

observe a decrease in mismatch-induced stress in the heterostructure. Also, one can observe an acceleration 

of recombination and the diffusion of radiation defects in the damaged area during growth at high 

temperature. At the same time, the interface between the layers of the heterostructure became smoother. We 

also consider an analytical approach for analyzing mass and heat transfer. The approach allows simultaneous 

consideration of spatial and temporal variations in the parameters of mass transfer. At the same time, the 

approach allows for the consideration of the nonlinearity of the processes under consideration. 



 On preliminary processing of substrate to decrease of mismatch-induced stresses in a heterostructure 

 

104

 

  Authors' Contributions 

All aspects of the research and manuscript preparation were carried out by the author. The author has read 

and approved the final version of the manuscript. 

Funding 

Not applicable. 

Data Availability 

All data supporting the reported findings in this research paper are provided within the manuscript. 

Conflict of Interest 

The author declares that they have no conflicts of interest. 

Consent for Publication 

The author confirms consent for the publication of this work. 

Ethics Approval and Consent to Participate 

This article does not contain any studies with human participants performed by the author. 

References 

[1]  Stepanenko, I. P. (1980). Fundamentals of microelectronics. Sovetskoe Radio. (In Russian). 

https://library.ztu.edu.ua/doccard.php/11691 

[2]  Gusev, V. G., & Gusev, Y. M. (1991). Electronics. Vysshaya Shkola. (In Russian).  

https://library.ztu.edu.ua/doccard.php/13150? 

[3]  Lachin, V. I., & Savelov, N. S. (2001). Electronics. Phoenix. (In Russian).  

https://library.bmstu.ru/Catalog/Details/47903? 

[4]  Vorob’ev, A. A., Korablev, V. V, & Karpov, S. Y. (2003). The use of magnesium to dope gallium nitride 

obtained by molecular-beam epitaxy from activated nitrogen. Semiconductors, 37(7), 838–842. 

https://doi.org/10.1134/1.1592861 

[5]  Sorokin, L. M., Veselov, N. V., Shcheglov, M. P., Kalmykov, A. E. E., Sitnikova, A. A., Feoktistov, N. A., ... 

& Kukushkin, S. A. E. (2008). Electron-microscopic investigation of a SiC/Si (111) structure obtained by 

solid phase epitaxy. Technical physics letters, 34(11), 992-994. https://doi.org/10.1134/S1063785008110278 

[6]  Lundin, W. V., Sakharov, A. V., Zavarin, E. E., Sinitsyn, M. A., Nikolaev, A. E. E., Mikhailovsky, G. A., ... 

& Tsatsulnikov, A. F. (2009). Effect of carrier gas and doping profile on the surface morphology of 

MOVPE grown heavily doped GaN: Mg layers. Semiconductors, 43(7), 963-967. 

https://doi.org/10.1134/S1063782609070276 

[7]  Li, Y., Antonuk, L. E., El-Mohri, Y., Zhao, Q., Du, H., Sawant, A., & Wang, Y. (2006). Effects of x-ray 

irradiation on polycrystalline silicon, thin-film transistors. Journal of applied physics, 99(6), 064501. 

https://doi.org/10.1063/1.2179149 

[8]  Chakraborty, A., Xing, H., Craven, M. D., Keller, S., Mates, T., Speck, J. S., ... & Mishra, U. K. (2004). 

Nonpolar a-plane p-type GaN and pn junction diodes. Journal of applied physics, 96(8), 4494-4499. 

https://doi.org/10.1063/1.1790065 

[9]  Mitsuhara, M., Ogasawara, M., & Sugiura, H. (1998). Beryllium doping of InP during metalorganic 

molecular beam epitaxy using bismethylcyclopentadienyl-beryllium. Journal of crystal growth, 183(1–2), 

38–42. https://doi.org/10.1016/S0022-0248(97)00336-9 



 Pankratov | K. Multidiscip. Int. Sci. J. 3(2) (2026) 78-105 

 

105

 

  [10]  Talalaev, R. A., Yakovlev, E. V, Karpov, S. Y., & Makarov, Y. N. (2001). On low temperature kinetic 

effects in metal-organic vapor phase epitaxy of III-V compounds. Journal of crystal growth, 230(1–2), 232–

238. https://doi.org/10.1016/S0022-0248(01)01354-9 

[11]  Zhang, Y. W., & Bower, A. F. (1999). Numerical simulations of island formation in a coherent strained 

epitaxial thin film system. Journal of the mechanics and physics of solids, 47(11), 2273–2297. 

https://doi.org/10.1016/S0022-5096(99)00026-5 

[12]  Pankratov, E. L. (2022). On approach to optimize manufacturing of a four stages distributed amplifier to increase 

density of their elements under influence of miss-match induced stress and porosity of materials on technological 

process. https://doi.org/10.21203/rs.3.rs-1197911/v1 

[13]  Fahey, P. M. (1985). Point defects and dopant diffusion in silicon. Stanford University. 

https://ui.adsabs.harvard.edu/abs/1985PhDT.........8F/abstract 

[14]  Vinetskiy, V. L., & Kholodar, G. A. (1979). Radiative physics of semiconductors. Naukova Dumka. (In 

Russian).  https://elib.spbstu.ru/dl/1618.pdf/download/1618.pdf 

[15]  Pankratov, E. L. (2012). Decreasing of depth of p-n-junction in a semiconductor heterostructure by serial 

radiation processing and microwave annealing. Journal of computational and theoretical nanoscience, 9(1), 41–

49. http://jre.cplire.ru/iso/sep11/11/abstract_e.html 

[16]  Pankratov, E. L., & Bulaeva, E. A. (2013). Application of native inhomogeneities to increase compactness 

of vertical field-effect transistors. Journal of computational and theoretical nanoscience, 10(4), 888–893. 

https://doi.org/10.1166/JNAN.2012.1084 

[17]  Pankratov, E. L., & Bulaeva, E. A. (2012). Decreasing of quantity of radiation defects in an implanted-

junction rectifiers by using overlayers. International journal of micro-nano scale transport, 3(3), 119–130. 

https://scispace.com/pdf/decreasing-of-quantity-of-radiation-defects-in-an-implanted-5aax74xf9j.pdf 

[18]  Pankratov, E. L., & Bulaeva, E. A. (2013). Doping of materials during manufacture p-n-junctions and 

bipolar transistors. Analytical approaches to model technological approaches and ways of optimization 

of distributions of dopants. Reviews in theoretical science, 1(1), 58–82. https://doi.org/10.1166/RITS.2013.1004 

[19]  Carslaw, H. S., & Jaeger, J. C. (1959). Conduction of heat in solids . Oxford: Clarendon Press. 

https://doi.org/10.1016/0022-5096(59)90029-8 

[20]  Korn, G. A., & Korn, T. M. (1968). Mathematical handbook for scientists and engineers: Definitions, theorems, 

and formulas for reference and review. McGraw-Hill Book Company. 

https://www.amazon.com/Mathematical-Scientists-Engineers-Definitions-Reference/dp/B0000CO5GE 

 

 

 


