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Abstract

:

In our work, the model of self-consistent electron–deformation–diffusion effects in thin films grown on substrate with the mismatch of lattice parameters of the contacting materials is constructed. The proposed theory self-consistently takes into account the interaction of the elastic field (created by the mismatch of lattice parameters of the film and the substrate, and point defects) with the diffusion processes of point defects and the electron subsystem of semiconductor film. Within the framework of the developed model, the spatial distribution of deformation, concentration of defects, conduction electrons and electric field intensity is investigated, depending on the value of the mismatch, the type of defects, the average concentrations of point defects and conduction electrons. It is established that the coordinate dependence of deformation and the concentration profile of defects of the type of stretching (compression) centers, along the axis of growth of the strained film, have a non-monotonic character with minima (maxima), the positions of which are determined by the average concentration of point defects. It is shown that due to the electron–deformation interaction in film with a lattice parameter mismatch, the spatial redistribution of conduction electrons is observed and n-n+ transitions can occur. Information about the self-consistent spatial redistribution of point defects, electrons and deformation of the crystal lattice in semiconductor materials is necessary for understanding the problems of their stability and degradation of nano-optoelectronic devices operating under conditions of intense irradiation.
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1. Introduction


Thin films are widely used in the production of discrete semiconductor devices and integrated microcircuits [1], as well as in the production of photo templates (the main technological tool of microelectronics). The obtained high-quality thin film layers that are reproducible in terms of electrophysical parameters are one of the most important technological processes of forming the structures of both discrete diodes and transistors [2], as well as active and passive elements of integrated microcircuits [3].



The process of manufacturing films is usually accompanied by the occurrence of internal strains in the films and substrates, which can change the properties of the films themselves.



In most cases, the main reasons for the occurrence of internal strains are changes in the volume of the films during their formation [4], different coefficients of thermal expansion of the material of the film and substrate [5,6], as well as different lattice parameters of the film and substrate [7,8]. The magnitude and signs of mechanical deformations in the films depend on many factors that are related to the methods of applying the films to the substrate and the character of their growth. In particular, during heteroepitaxial growth, the deformation mainly occurs due to the mismatch of lattice parameters of the contacting materials (film and substrate). The intrinsic point defects (interstitial atoms and vacancies) and foreign impurities, which can be both stretching and compressive centers, are another important source of elastic deformation in films. The concentration of impurities, interstitial atoms and vacancies, the depth of their placement and, accordingly, the magnitude of mechanical strain and its distribution in semiconductor film depend significantly on the methods and conditions in which the film is obtained. However, in general, mechanical deformation is defined as the sum of the two deformations mentioned above: the mismatch between lattice parameters of the film and the substrate and the deformation created by point defects. Moreover, these factors are self-consistent with each other. The nonuniform deformation that occurs due to the mismatch induces a flow of defects, which are also centers of deformation and accumulate in different areas of the film depending on the sign of the deformation that they create.



It is known that the optical and electrical properties of semiconductor devices depend, to a large extent, on both the deformation of the lattice and the spatial distribution of point defects. The interaction of defects with the deformation field created both by the mismatch of crystal lattices of the contacting materials and by point defects causes the spatial redistribution of the latter. This can lead to both the accumulation and reduction of the number of defects in the active area, depending on the character of deformation [9,10].



In [11], a model is developed that describes the change in the diffusion process under the influence of various types of deformation. In [12], the theoretical investigation of defect redistribution taking into account their non-zero volume on the basis of the stationary diffusion equation is carried out in linear approximation. In the same work, it is shown that the deformation flow opposes the diffusion flow and under certain conditions can exceed it. However, this model does not take into account the effects caused by the non-local interaction between defects and matrix atoms. The authors of [13] developed the mathematical model of diffusion in layered materials, which can be used for thin films. However, this model does not take into account the influence of deformation caused by the non-zero volume of defects on their diffusion. It is shown in [14] that an increase in mechanical strain caused by the mismatch of lattice parameters leads to a change in the band structure of InxGa1−xN/GaN, which manifests itself in a shift of the electroluminescence intensity maximum. Currently, the mathematical models of the piezoelectric elastic-semiconductor medium have been developed, taking into account photothermal effects [15], and the complex influence of laser irradiation and magnetic fields within the photo-thermoelastic model have also been theoretically investigated [16]. However, these models are limited only to a uniform medium. The presence of nonuniform deformation in semiconductor film leads to a spatial redistribution of conduction electrons and the emergence of an electric field due to a self-consistent electron–deformation coupling. The specific features of diffusion in semiconductors are largely determined by the interaction of implanted impurities and lattice defects with the electron subsystem. This interaction is manifested, firstly, by a change in the concentration of defects; secondly, in a redistribution of conduction electrons and a change in the concentration profile of implanted impurities; and, thirdly, in the existence of an internal electric field created by nonuniform distributed impurity ions and electrons. Therefore, the information about the spatial distribution of defect concentration, the crystal lattice parameter, the spatial redistribution of conduction electrons, and the electrostatic potential is important for the predicted control of the physical parameters of semiconductor films.



In this work, the model of semiconductor film with the significant mismatch of lattice parameters relative to the substrate is developed, taking into account the self-consistent coupling between the elastic field (created by the mismatch of lattice parameters of the contacting materials and point defects), the point defect diffusion, and the electron subsystem.




2. The Model of Self-Consistent Deformation–Diffusion Phenomena in Stressed Film


Let point defects (implanted impurities, vacancies and interstitial atoms) with an average concentration of Nd0i are distributed in a stressed epitaxial layer, grown-up on a thick substrate (hs >> h0, where hs, h0 are the thickness of the substrate and the grown-up layer, respectively). Due to the mismatch of lattice parameters of the contacting materials of the substrate and the grown-up layer, the deformation ε(x) occurs in the grown-up layer. The x-axis is directed in the direction of film growth, and the starting point is chosen at the film–substrate heteroboundary. Since we are considering a thick substrate compared with a film, the deformation of the substrate itself can be neglected [17]. The maximum deformation of the film will be at the film–substrate heteroboundary, which is determined by the difference in lattice parameters of the contacting materials. With the distance from the heteroboundary in the direction of the growth axis, the lattice deformation decreases and is modeled by an exponential function [18]:


  ε ( x ) =         ε 0    e  − γ x   ,     x ≥ 0 ,       0 ,     x < 0 ,        



(1)




where ε0 is the relative change in the elementary cell volume of the grown-up layer at the heteroboundary [17]:


     ε 0  =  ε  x x   +  ε  y y   +  ε     z z           ,      ε  y y   =  ε  z z   =    a s  −  a 0     a s    ,      ε  x x   = −   2  C  12      C  11      ε  y y   ,    



(2)




where    ε  x x    ,    ε  y y    ,    ε  z z     are the deformation tensor components of the epitaxial layer material; as, a0 are the lattice parameters of the substrate and epitaxial layer, respectively; C11, C12 are the elastic constants of the epitaxial layer material; and γ is a quantity that is inverse to the effective shielding radius of the deformation field, which depends both on the material elastic constants and on the average point defect concentration.



The self-consistent interaction of the point defect system with the elastic medium of the epitaxial layer leads to the renormalization of deformation   ε ( x )   and the spatial redistribution of moving point defects with a concentration of    N  d i   ( x )  .



In this work, the expression for the free energy density of the nonuniform strained epitaxial layer with point defects in the direction of the growth axis, within the elastic continuum, without taking into account anharmonic terms, is represented as [19]:


  f =  1 2  ρ  c l 2    ( U ( x ) − ε ( x ) )  2  −   ∑  i = 1  k    θ   d i     N d    i  ( x ) U ( x )   −   ∑  i = 1  k    θ d    i   N d    i  ( x )  l d 2     ∂ 2  U ( x )   ∂  x 2      − T S ,  



(3)




where   U ( x )   is the renormalized epitaxial layer deformation; ρ is medium density;    c l    is the longitudinal velocity of sound;    θ   d i    = K Δ  Ω i    is the deformation potential; K is the module of comprehensive compression;   Δ  Ω i    is the change in crystal volume when one defect is created;    l d    is the characteristic length of interaction of defects with structure atoms; T is the temperature; S is the entropy of the system; and indices i = 1, 2, …, k correspond to the type of point defect. The first term determines the elastic energy density of the film with the mismatch of lattice parameters of the contacting materials, which contains point defects. The second and third terms are the energy density of the interaction of defects with the elastic medium and the nonlocal interaction with lattice atoms [19].



The mechanical strain in the epitaxial layer, created both by point defects and by the mismatch of lattice parameters of the materials of the epitaxial layer and the substrate, has the form:


  σ ( x ) =   ∂ f   ∂ U   = ρ  c l 2  U ( x ) −   ∑ i    θ d    i   N   d i    ( x )   − ρ  c l 2  ε ( x ) .  



(4)







Using the continuity equation


  ρ    ∂ 2  U   ∂  t 2    =    ∂ 2  σ   ∂  x 2    ,  



(5)







We write the equation for the renormalized deformation   U ( x )   in the form:


   1   c l 2       ∂ 2  U   ∂  t 2    =    ∂ 2  U ( x )   ∂  x 2    −   ∑ i      θ   d i      ρ  c l 2       ∂ 2   N d    i  ( x )   ∂  x 2      −  γ 2   ε 0   e  − γ x   .  



(6)







Since the defect diffusion occurs in the deformation field created both by the mismatch of lattice parameters of the substrate material and the epitaxial layer, and by the spatial redistribution of point defects (interstitial atoms and vacancies), then the usual diffusion flow


   J  d i   = −  D  d i     ∂  N  d i   ( x )   ∂ x   ,  



(7)




which is determined only by the magnitude and direction of the concentration gradient, is superimposed on the induced deformation flow of defects [19]


   j  s i   =  D   d i       θ   d i       k B  T    N   d i     x      ∂ U ( x )   ∂ x   +  l d 2     ∂ 3  U  x    ∂  x 3      .  



(8)







This component of defect flow is due to the emergence of additional forces from the nonuniform elastic field. The second term takes into account nonlocal Hooke’s law (the nonlocality of the interaction of defects with film atoms through the elastic field). The detailed derivation of this formula is presented in [19].



Then, the equation for the defect concentration (interstitial atoms or vacancies) will be written in the form:


    ∂  N   d i    ( x )   ∂ t   =  D   d i       ∂ 2   N   d i    ( x )   ∂  x 2    −  D   d i       θ   d i       k B  T    ∂  ∂ x      N   d i     x      ∂ U ( x )   ∂ x   +  l d 2     ∂ 3  U  x    ∂  x 3        +  G   d i    −    N   d i    ( x )    τ   d i      ,  



(9)




where Ddi is the point defect diffusion coefficient; Gdi is the rate of defect generation; and    τ  d i     is the lifetime of the defect.



Next, we consider the stationary state of such a defect–deformation system, i.e.,:     ∂  N  d i   ( x )   ∂ t   = 0  ,     ∂ U ( x )   ∂ t   = 0  .



Let us represent the lattice deformation and the defect concentration in the form:


  U ( x ) =  U 0  +  U l  ( x ) ,  



(10)






   N  d i   ( x ) =  N  d 0 i   +  N  d l i   ( x ) .  



(11)







Here,    U 0    is the spatially averaged value of lattice deformation:


   U 0  =  1 L     ∫ 0 L   U ( x ) d x    =   ∑ i      θ  d i    K   N  d 0 i     ,  



(12)




where L is the epitaxial layer thickness; and    U l  ( x )   and    N  d l i   ( x )   are the spatially nonuniform components of lattice deformation of the epitaxial layer and the point defect concentration, respectively.



Neglecting the recombination of interstitial atoms and vacancies (   τ  d i   − 1   = 0  ), we obtain a coupled system of equations for the point defect diffusion and the epitaxial layer deformation:


     ∂ 2   N   d i    ( x )   ∂  x 2    −    θ d       i       k B  T    ∂  ∂ x      N   d i     x      ∂  U l  ( x )   ∂ x   +  l d 2     ∂ 3   U l   x    ∂  x 3        = 0 ,  



(13)






     ∂ 2   U l  ( x )   ∂  x 2    −   ∑ i      θ   d i      ρ  c l 2       ∂ 2   N  d l     i  ( x )   ∂  x 2      −  γ 2   ε 0   e  − γ x   = 0 .  



(14)







Integrating the differential Equation (13), we find the distribution of the point defect concentration:


   N  d i   ( x ) =  N   d 0  i   exp      θ  d i      k B  T      U l   x  +  l d 2     ∂ 2   U l   x    ∂  x 2        ≈  N   d  0 i       1 +    θ  d i      k B  T      U l   x  +  l d 2     ∂ 2   U l   x    ∂  x 2        .  



(15)







The latter equality holds under the condition:


     θ  d i      k B  T      U l   x  +  l d 2     ∂ 2   U l   x    ∂  x 2      < < 1 .  



(16)







The integration constant is chosen for the following reasons. In this case, if the nonuniform component of the deformation parameter is equal to zero, then the point defect concentration should be close to its spatially uniform value of Nd0i. The epitaxial layer contains interstitial atoms and vacancies, but, as a rule, the deformation potential of interstitial atoms is much greater than the deformation potential of vacancies (   θ   d i    > >  θ   d v     ) [10]. Therefore, in Equation (6) for self-consistent deformation, we will neglect the contribution of vacancies. In the future, we will limit ourselves to one type of defect in the semiconductor film (interstitial atom or foreign impurity). This approximation is valid in the case when the value of    θ  d i    N  d i     is much larger for one type of defect than for the others. Substituting (15) into (14), we obtain


     ∂ 2   U l   x    ∂  x 2    −  1   d 2     U l   x  = −    N  d c      N  d 0      1   l d 2     ε 0   e  − γ x   ,  



(17)




where    d 2  =  l d 2     N  d 0      N  d c     /   1 −    N  d 0      N  d c       ,      N  d c   =   ρ  c l 2   k B  T    θ d 2    .  



Since the solution of Equation (17) must be finite at x→∞, therefore one of the integration constants is equal to zero. Then the solution of Equation (17) (Nd0 < Ndc), taking into account the additional condition


     ∫ 0 ∞      N d   x  −  N  d 0     d x = 0    ,  



(18)




has the form:


   U l   x  =    N  d c      N  d 0        ε 0     l d 2     1   1   d 2    −  γ 2       e  − γ x   −   1 +  l d 2   γ 2    γ d   1 +    l d 2     d 2         e  −  x d      .  



(19)







The parameter γ determines the rate of reduction of deformation, which occurs due to the mismatch of lattice parameters of the substrate materials and the grown-up layer, with distance from the heteroboundary. The parameter γ is found from the condition of minimum free energy


    ∂ F   ∂ γ   = 0 ,  



(20)




where   F =    ∫ V   f ( x ) d V    = S    ∫ 0 ∞   f ( x ) d x      is the free energy of the epitaxial layer with volume V; and S is the surface area of the grown-up layer.



In the limiting cases, when   x → ∞  , the deformation (19)    U l   x  → 0  , and the point defect concentration approaches the spatially uniform distribution (   N d   x  →  N  d 0    ). In the case of the absence of defects (   N  d 0   = 0  ) in the crystal, the deformation is created only due to the mismatch of the parameters of the crystal lattices of the substrate and the epitaxial layer     U  x  =  ε 0   e  − γ x      , and in the absence of the mismatch of the lattice parameters at the heteroboundary      ε 0  = 0    , the deformation (  U =    θ d   K   N  d 0    ) is caused only by point defects.




3. The Self-Consistent Electron–Deformation–Diffusion Effects in Semiconductor Film


The self-consistent spatial redistribution of defects leads to the occurrence of nonuniform deformation, which is caused both by the mismatch of lattice parameters of the epitaxial layer and the substrate, and by the defects themselves (see Formula (19)). This, in turn, as result of self-consistent electron–deformation coupling, leads to the local displacement of the edges of the allowed bands and the electrochemical potential [20], which, taking into account the deformation [17,21], will take the form:


  χ ( x ) =    ℏ 2    2 m       3  π 2  n ( x )     2 / 3   − e φ ( x ) +  a c  U ( x ) ,  



(21)




where m is the effective mass of electron in semiconductor film; n(x) is the electron concentration; and ac is the constant of deformation potential of the conduction band.



Consider a semiconductor film that contains electrons with an average concentration n0 and slow-moving ionized donors with an average concentration Nd0. According to the condition of electroneutrality, the following condition is fulfilled: n0 = Nd0.



From Formula (18), we obtain an expression for the electron concentration:


  n ( x ) =       2 m    ℏ 2        3 / 2    1  3  π 2        χ ( x ) + e φ ( x ) −  a c  ε ( x )     3 / 2   .  



(22)







Then, in the linear approximation     e φ ( x ) −  a c  ε ( x ) < <  χ 0    ,   where      χ 0  = χ  ∞  =    ℏ 2    2 m       3  π 2   n 0      2 / 3     ,   the electron concentration can be determined as follows


  n ( x ) =  n 0  + R   e φ ( x ) −  a c   U l  ( x )   ,  



(23)




where   R =       2 m    ℏ 2        3 / 2        χ 0      2  π 2     . By supplementing this equation with Poisson’s equation, we obtain a closed system of Equations (13), (17), (20) and (21) with an additional condition      ∫ 0 ∞   Δ n ( z )    d z = 0  . By supplementing this equation with Poisson’s equation


   ∇ 2  φ  x  = −  e   ε d    ε ˜  0    (  N d  ( x ) − n ( x ) ) ,  



(24)




we obtain a closed system of Equations (15), (19), (23) and (24) with an additional condition      ∫ 0 ∞   Δ n ( z )    d z = 0  . Here, εd is the dielectric constant of the film material. Thus, we obtain an expression for the electrostatic potential, the electric field strength F(x) and the conduction electron concentration in the vicinity of the semiconductor film–substrate strained heteroboundary with the mismatch of lattice parameters of the contacting materials:


  φ  x  = C  e  − g x   +    a c   g 2   e       U 0     g 2    +    N  d c      N  d 0        ε 0     l d 2     1   1   d 2    −  γ 2         e  − γ x      g 2  −  γ 2    −   1 +  l d 2   γ 2    γ d   1 +    l d 2     d 2         g 2  −  1   d 2         e  −  x d        ,  



(25)






  F  x  = g C  e  − g x   +    a c   g 2   e       N  d c      N  d 0        ε 0     l d 2     1   1   d 2    −  γ 2        γ  e  − γ x      g 2  −  γ 2    −   1 +  l d 2   γ 2    γ  d 2    1 +    l d 2     d 2         g 2  −  1   d 2         e  −  x d        ,  



(26)




where   C = −    a c  g  e       N  d c      N  d 0        ε 0     l d 2     1   1   d 2    −  γ 2       γ   g 2  −  γ 2    −   1 +  l d 2   γ 2    γ   1 +    l d 2     d 2         d 2   g 2  − 1          ,   R =       2  m s     ℏ 2        3 / 2        χ 0      2  π 2     .



The mismatch of lattice parameters in the vicinity of the heteroboundary leads first to the spatial redistribution of defects and conduction electrons, and then, accordingly, to the emergence of an internal electric field. Such an effect is the reason for the emergence of another source of mechanical strain (due to the presence of a nonuniform electric field), caused by an electron–deformation interaction. This deformation can be calculated by the formula [22]:


   ε  e l   ( x ) = −    e 2   a 0    1 − ν      ε d    ε ˜  0  S E   Δ  n 1  ( x ) ,  



(27)




where ν, E are the Poisson’s ratio and the Young’s modulus of film, respectively; and S is the surface area of film.




4. Results and Discussion


Figure 1 shows the results of calculating the coordinate dependence of crystal lattice deformation of the InAs film on the GaAs substrate (Figure 1a,b) and the Ge film on the Si substrate (Figure 1c,d) with interstitial atoms (Figure 1a,c) (θd = 10 eV > 0) and substitution impurities with a smaller ionic radius (Figure 1b,d) (θd = −5 eV < 0) at different values of the average defect concentration. The film parameters and the mismatch of lattice parameters of the film and the substrate are given in Table 1 [23,24,25].



As we can see, such dependences have the non-monotonic character with minima, the positions of which are determined by the average point defect concentration Nd0. As the value of Nd0 increases, the position of the minima of lattice deformation of the epitaxial layer moves away from the heteroboundary. Both the deformation   U  x    and the spatial redistribution of point defects are determined by two self-consistent competing factors: the component of deformation that arises due to the mismatch of lattice parameters of the substrate and the film, and the component of deformation induced due to the spatial redistribution of point defects. Near the heteroboundary, the main role is played by the compression deformation caused by the mismatch between the lattice parameters of the substrate and the film, which monotonically decreases in absolute value with distance from the heteroboundary (Figure 1).



Therefore, a monotonous decrease in the interstitial atom concentration is observed near the film–substrate contact (Figure 2a,b).



At a distance x > 1.4 nm, the main contribution to the film deformation is made by the component arising due to the spatial redistribution of point defects. This leads to an increase in the stretching deformation of the crystal lattice of the epitaxial layer and, accordingly, to an increase in the value of the interstitial atom concentration, which approaches the corresponding average value of the defect concentration.



The Nd0.75Zr0.25O1.62 film on the Si substrate is chosen for comparison as a reference, since in such an epitaxial layer there is no mismatch of its lattice parameter with the silicon substrate [26].



There is a range of defect concentrations at which the deformation character of the material of the Ge film grown on the Si substrate near the heteroboundary changes to the opposite: from compression to stretching. This is explained by the fact that the growing layer near the heteroboundary is enriched with interstitial atoms (θd > 0, Figure 2a–c), which leads to an increase in the crystal lattice volume in comparison with the structure without point defects.



In compressed films (the lattice parameter of the film is greater than in the substrate), the interstitial atoms accumulate near the boundary and, on the contrary, their concentration decreases with distance from it. Such an effect was observed in experimental work [27] on the research of photoluminescence spectra of heterostructures, where it was shown that strained GaAs/InGaAs heterolayers delay the diffusion of hydrogen and defects into the crystal volume.



When foreign atoms are introduced into the film, not only additional interstitial defects appear, but also substitution atoms. In this case, depending on the ratio between the ionic radii of the film atom and the substitution impurity, both stretching and compressive deformation may occur.



Figure 1b,d and Figure 2d show the coordinate dependence of the crystal lattice deformation along the growth axis of film, which contains point defects (substitution impurities with an ionic radius smaller than the ionic radius of the film atoms (θd < 0)) and their spatial redistribution in the self-consistent deformation field. In this case, the point defects of the type of compression centers accumulate at a distance x > 1 nm from the heteroboundary, and near it there is a decrease in the concentration of defects in comparison with their spatially uniform distribution, which ultimately leads to an increase in the crystal lattice volume compared with defect-free layers.



The penetration depth of impurities depends significantly on the energy of these particles and their diffusion coefficient in the film material. However, even with low diffusion properties, the impurities can be deeply embedded due to the creation of their deformation flow [28]. The deformation flow occurs in the presence of a deformation gradient and is proportional to its magnitude. In the case of films obtained on the substrate, at the initial stage, the deformation flow of defects occurs, which is caused by the deformation gradient that arises due to the mismatch of lattice parameters of the film–substrate contacting materials. In addition, depending on the sign of the deformation potential of defects, their accumulation occurs in one or another area.



At the next stage, the deformation is the result of the self-consistent action of the heteroboundary, the defects themselves, which are also the centers of deformation, and the electron–deformation interaction of the elastic field with the electron subsystem. The deformation due to electron–deformation effects occurs as result of the existence of the nonuniform internal electric field.



Figure 3 and Figure 4 show the spatial distribution of electron concentration and electric field in semiconductor films obtained on substrates with the significant mismatch of lattice parameters.



Such a profile of electrons in the vicinity of the heteroboundary is mainly determined by the deformation character. In the area where defects of the type of stretching centers (θd > 0) are localized, the greater lowering of the bottom of the conduction band is observed, which contributes to the localization of electrons near the boundary with the substrate (Figure 3a–c). Conversely, in the case of defects of the type of compression centers, near the heteroboundary, the concentration of electrons decreases compared with the average value (Figure 3d). That is, due to self-consistent electron–deformation coupling, an n-n+ transition occurs in the vicinity of the film–substrate boundary.



An increase in the average electron concentration (Figure 3a,b) leads to their greater localization near the heteroboundary in the case of defects of the type of stretching centers. In addition, important factors for the redistribution of the electron density are the mismatch of lattice parameters and the magnitude of deformation potential of the conduction band (Δn ~ acε0). That is why the InAs film obtained on the GaAs substrate is the most effective among the considered materials for the formation of n-n+ transitions under the influence of laser irradiation (the large interstitial atom concentration is generated). The ZnO film on the Si substrate has a rather large mismatch, but a much smaller constant of deformation potential of the conduction band (see Table 1).



This conduction electron redistribution leads to the emergence of a nonuniform electric field, the character of which depends on the type of defects (Figure 4).



The nonuniform electric field is the source of another type of deformation caused by electron–deformation interaction (Formula (27)). In the area where a decrease in the electric field intensity is observed, we have an accumulation of electron density and the emergence of “electron–deformation compression”. In the case of defects of stretching centers, as result of self-consistent electron–deformation interaction, the additional compression occurs near the film–substrate heteroboundary. On the contrary, in the presence of defects of the type of compression centers, near the heteroboundary, the electron–deformation interaction leads to a partial compensation of the mismatch in the lattice parameter of the film compared with the substrate. The conducted calculations show that the semiconductor film can be conditionally divided into three parts: (1) the layer enriched in defects of the type of stretching centers and electrons near the heteroboundary with the substrate (or the layer depleted by defects of the type of compression centers and electrons near the heteroboundary with the substrate); (2) the layer with an inverse distribution of defects and electrons at some distance from the heteroboundary; and (3) the area with a concentration of defects and electrons close to a uniform distribution.



This effect was found in experimental work [29], where it was shown that both the InAs and InSb films grown on the GaAs substrate, actually have a three-layer structure at low temperatures.



The effects investigated above are significant when the deformation flow of defects caused by the deformation gradient is commensurate with the normal diffusion flow caused by the concentration gradient of defects. As the temperature decreases, the role of deformation flows increases compared with diffusion flows.




5. Conclusions


Based on the self-consistent system of equations, i.e., the diffusion equation, the continuity equation and the Poisson’s equation, a theory is developed that describes electron–deformation–diffusion effects in semiconductor films with a significant lattice parameter mismatch.



Within the framework of the proposed model, it is established that the semiconductor film can be conditionally divided into three parts: (1) the layer enriched in defects of the type of stretching centers and electrons near the heteroboundary with the substrate (or the layer depleted by defects of the type of compression centers and electrons near the heteroboundary with the substrate); (2) the layer with an inverse distribution of defects and electrons at some distance from the heteroboundary; and (3) the area with a concentration of defects and electrons close to a uniform distribution.



It is shown that, due to the electron–deformation interaction in film with a lattice parameter mismatch, the spatial redistribution of conduction electrons is observed and n-n+ transitions can occur. An increase in the average electron concentration leads to their greater localization near the film–substrate boundary (the film undergoes compressive deformation due to the lattice parameter mismatch) in the case of defects of the type of stretching centers. The obtained results can be the basis for the development of optimal methods of predicted nanostructuring of the semiconductor film surface using concentrated flows of energy (the generation of significant concentration of point defects), as well as the methods of predicting the behavior of optoelectronic materials that are used in extreme conditions. The proposed models can also be used to describe the prediction of mechanical behavior and degradation (destruction) of active elements of integrated microcircuits based on semiconductor films.
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Figure 1. The coordinate dependence of the deformation of the crystal lattice of the InAs film on the GaAs substrate (a,b) and the Ge film on the Si substrate (c,d) with interstitial atoms (a,c) and substitution impurities with a smaller ionic radius (b,d) at different values of the average concentration defects. 
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Figure 2. The spatial redistribution of point defects for their different types and for their different average concentration values: (a) θd = 10 eV, Nd0 = 0.1Ndc; (b) θd = 10 eV, Nd0 = 0.8 Ndc; (c) θd = 5 eV, Nd0 = 0.1 Ndc; (d) θd = −5 eV, Nd0 = 0.8 Ndc. 
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Figure 3. The spatial redistribution of the concentration of conduction electrons in the presence of various types of defects and at different average values of the electron concentration: (a) θd = 10 eV, n0 = 1020 cm−3; (b) θd = 10 eV, n0 = 1018 cm−3; (c) θd = 5 eV, n0 = 1018 cm−3; (d) θd = −5 eV, n0 = 1018 cm−3. 
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Figure 4. The coordinate dependence of the electric field in semiconductor film in the case of the presence of point defects: (a) the defects of the type of stretching centers (θd = 10 eV); (b) the defects of the type of compression centers (θd = −5 eV). 
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Table 1. Some physical parameters of the film materials.
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	Film/Substrate
	Mismatch
	ac,

eV
	C11,

Mbar
	C12, Mbar
	εd
	m/m0





	ZnO/Si
	−0.06
	−2.15
	2.376
	1.478
	8.57
	0.29



	Ge/Si
	−0.04
	−8.24
	1.315
	0.494
	16.2
	0.2



	InAs/GaAs
	−0.07
	−7.17
	0.833
	0.453
	12.3
	0.057



	Nd0.75Zr0.25O1.62/Si
	0
	-
	1.124
	0.542
	-
	-
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