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Abstract

:

This study discusses the interaction between electromechanical fields and carriers in a multilayered ZnO beam where the c-axis of every two adjacent layers is alternately opposite along the thickness direction. A multi-field coupling model is proposed from the Timoshenko beam theory together with the phenomenological theory of piezoelectric semiconductors, including Gauss’s law and the continuity equation of currents. The analytical solutions are obtained for a bent beam with different numbers of layers. Numerical results show that polarized charges occur at the interfaces between every two adjacent layers due to the opposite electromechanical coupling effects. It was found that a series of alternating potential-barrier/well structures are induced by the polarized charges, which can be used to forbid the passing of low-energy mobile charges. Moreover, it was also observed that the induced polarized charges could weaken the shielding effect of carrier redistribution. These results are useful for the design of piezotronic devices.
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1. Introduction


Piezoelectric material is a kind of material with a mechanical–electric coupling effect. When it is deformed by stress, electric polarization will occur inside it. This phenomenon is called the piezoelectric effect. Piezoelectric materials can create an electric field due to deformation or create deformation due to an electric field. The inherent mechanical–electrical coupling effect makes piezoelectric materials widely used for applications such as energy harvesters, sensors, memories, and batteries [1,2,3,4]. Piezoelectric materials can be dielectrics and semiconductors. Piezoelectric semiconductor materials possess both piezoelectricity and semiconducting properties, and they are frequently utilized in electronic devices. They are differentiated from pure piezoelectric materials by the existence of the free charges, which further enrich the process of the electromechanical conversion. As is known, the piezoelectric polarization electric field induced by deformation drives carriers to redistribute, while the redistribution of carriers produces a shielding effect on the electric field itself in turn. Therefore, on the basis of the interaction of carriers and electromechanical fields, electronic devices not only can be tunable by the classical electrical form, but also by the mechanical form. This amazing feature has formed new research fields called piezotronics and piezo-phototronics [5], which include many strain tunable devices, i.e., piezoelectric field-effect transistors [6,7,8], transducers [9,10], laser detectors [11], solar cells [12,13], flexible data storages [14], and so on.



However, previous research has been mostly focused on the single structure of fibers, tubes, belts, and spirals [15,16,17,18,19]. As we know, composite laminated structures are widely utilized in the aerospace, naval, civil, and mining industries due to the advantage of the designability of each layer. Thus, significant attention has been paid to this topic recently. Sharma et al. [20] studied the propagation of interfacial surface waves in a two-layered composite structure consisting of a transversely isotropic piezoelectric substrate and an isotropic non-piezoelectric semiconductor layer. Othmani et al. [21,22] used the Legendre polynomial method to investigate Rayleigh–Lamb and guided Lamb waves propagating in the multilayered semiconductor structures. However, in their study, the space charges of the semiconductor were neglected. Luo et al. [23] studied the bending of a composite fiber of piezoelectric dielectrics and nonpiezoelectric semiconductors. Cheng et al. [24] further studied the extension of a composite fiber of piezoelectric dielectrics and nonpiezoelectric semiconductors. The two studies above found that the composite fiber exhibits piezotronic couplings like a homogeneous piezoelectric semiconducting fiber [23,24]. Jiao et al. [25] analyzed the wave propagation through a piezoelectric semiconductor slab sandwiched by two piezoelectric half-spaces. Recently, Tian et al. [26,27] studied wave propagation properties of layered piezoelectric semiconductor plates with imperfect and perfect interfaces. Liang et al. [28] investigated the electrical behaviors of a PN junction in a composite fiber made of piezomagnetic and piezoelectric semiconductor layers under a constant magnetic field. Qu et al. [29] investigated the interaction between mechanical fields and the motion of charge carriers in a composite beam of flexoelectric (nonpiezoelectric) and semiconductor layers. This study provides a new means for constructing electromechanical semiconductor devices and extends piezotronic devices.



Although significant research have been carried out on layered piezoelectric semiconductor structures, most of these have been homogenous structures. It is noted that hetero-structures have non-substitutable superiority in interface engineering compared with homo-structures. Thus, the related study of hetero-structures is a hot topic. As we know, a graphene bilayer can be treated as a simple heterojunction with Van der Waals forces acting between the layers, which creates some amazing properties different from monolayer structures [30,31]. That is to say, the homo-structure can serve as a special hetero-structure (quasi-hetero-structure) after some preprocessing. For example, some properties of a hetero-junction appear in a piezoelectric homo-junction with different c-axis directions [32,33]. The present study is motivated by the above works to investigate the electrical responses of a multilayered ZnO beam composed of opposite polarization directions along the length-direction under a transverse end force. In this paper, we use the conventional phenomenological theory composed of the equations of linear piezoelectricity and the equations of the conservations of charge of electrons to describe the basic behaviors of a cantilever ZnO beam. The one-dimensional theory for the bending of a multilayered ZnO beam with shear deformation is derived based on the Timoshenko beam theory. Then, the mechanical tuning laws of the electrostatics are carefully studied in Section 4. Finally, some interesting conclusions are drawn in Section 5.




2. One-Dimensional Equations for a Multilayered Piezoelectric Semiconductor Beam


The piezoelectric coefficient    e  33     of ZnO is relatively large compared with other wurtzites, such as GaN and CdS. Thus, we chose it as the material of the structure being researched.



As shown in Figure 1, a multilayered ZnO beam is considered with alternating opposite polarization directions along the thickness direction. It should be noted that this multilayered beam can be prepared by MOCVD [34]. The left end of the cantilever is fixed, and the right end is under the action of a transverse shear force F. The positive direction of the c-axis of ZnO is defined along the positive    x 3    direction. The length and thickness of the beam are denoted as  L  and   2 h  , respectively. In the following,  k  means the number of layers. We choose the geometrical middle plane of the beam as the coordinate plane.    x 1   ,    x 2   , and    x 3    represent the width, thickness, and axial directions, respectively.



We are mainly interested in the electrical responses along the thickness direction, because the axial electric field is almost zero except at the two ends [35]. Therefore, we have


  φ  (  x , t  )  ≅ φ  (   x 2  , t  )   



(1)







Based on the Timoshenko beam theory, we make the following approximations of the relevant mechanical displacements and carrier concentrations [36,37,38,39]:


   u 2   (   x 3  , t  )  ≅ v  (   x 3  , t  )   



(2)






   u 3   (  x , t  )  ≅ w  (   x 3  , t  )  +  x 2  ψ  (   x 3  , t  )   



(3)






  Δ n  (   x 2  , t  )  ≅ Δ n  (   x 2  , t  )   



(4)




where   v ,   w   and  ψ  are the flexural displacement, extensional displacement, and shear deformation, respectively. The relevant strains and electric fields can be written into


    S 3  =  u  3 , 3   =  w  , 3   +  x 2   ψ  , 3     ,    S 4  = 2  S  23   =  u  2 , 3   +  u  3 , 2   =  v  , 3   + ψ ,   



(5)






    E 2  = −  φ  , 2     ,    E 3  = −  φ  , 3   = 0 .   



(6)







For bending in the    x 2  -  x 3    plane, the main stress components are    T 3    and    T 4   . Therefore, we introduce the following stress relaxation [40]:


   T 1  =  T 2  =  T 5  =  T 6  ≅ 0 .  



(7)







In addition, the null current condition in the static bending requires [41,42,43]


    J 2 n  = q n  μ  11  n   E 2  + q  D  11  n   n  , 2   = 0 ,     J 3 n  = q n  μ  33  n   E 3  + q  D  33  n   n  , 3   = 0 .   



(8)







In the above,  n  represents carrier concentration.    μ  11  n    and    μ  33  n    are the mobility of electrons;    D  11  n    and    D  33  n    are the diffusion coefficients. It is noted that a tiny fluctuation of carrier concentration will be induced in a small shear force F, such that the first n in Equation (8) can be approximately written into    n 0   . Moreover,    E 3  = 0   implies that    n  , 3   = 0  , which further means the redistribution of the carriers is only limited in the cross-section. Thus, the carrier concentration gradients can be written as


   Δ  n  , 2   ≅ Δ  n  , 2    (   x 2  , t  )    ,   Δ  n  , 3   = 0 .   



(9)







In the following, we use the superscript symbol “(i)” to indicate the related quantity of the    i  t h     ZnO layer. The piezoelectric coefficients (   e   ( i )     ) of adjacent two layers are opposite due to the opposite polarization direction. As is well known, piezoelectric coefficients are an odd-order tensor. Therefore, Equation (10) exists for two adjacent layers with opposite c-axis directions:


   e   ( i )    +  e   (  i + 1  )    = 0 , i = 1 , 2 … k − 1  



(10)




while the elastic and dielectric coefficients (   c   ( i )      and    ε   ( i )     ) are still the same due to their even-order features, that is


    c   ( 1 )    =  c   ( 2 )    = … =  c   ( k )    = c   ,    ε   ( 1 )    =  ε   ( 2 )    = … =  ε   ( k )    = ε   



(11)







By using the following compact notation: 11→1, 22→2, 33→3, 23→4, 31→5, and 12→6, the constitutive relations for the i-th layer can be written as [40]


    T 3  =   c ¯   33    S 3    ,    T 4  =  c  44    S 4  −  e  15    ( i )     E 2  ,   



(12)






    D 3  =   e ¯   33    ( i )     S 3    ,    D 2  =  e  15    ( i )     S 4  +  ε  11    E 2  ,   



(13)




where


     c ¯   33   =  c  33   − 2    (   c  13    )   2  /  (   c  11   +  c  12    )  ,      e ¯   33    ( i )    =  e  33    ( i )    − 2  e  31    ( i )     c  13   /  (   c  11   +  c  12    )  .   



(14)







Substituting Equations (5) and (6) into Equations (12) and (13), we obtain


    T 3  =   c ¯   33    S 3  =   c ¯   33    (   w  , 3   +  x 2   ψ  , 3    )  ,    T 4  =  c  44    S 4  −  e  15    ( i )     E 2  =  c  44    (   v  , 3   + ψ  )  +  e  15    ( i )     φ  , 2   ,   



(15)






    D 3  =   e ¯   33    ( i )     S 3  =   e ¯   33    ( i )     (   w  , 3   +  x 2   ψ  , 3    )  ,    D 2  =  e  15    ( i )     S 4  +  ε  11    E 2  =  e  15    ( i )     (   v  , 3   + ψ  )  −  ε  11    φ  , 2   .   



(16)







After integrating T3 over the cross-section, the bending moment M is obtained


  M =   ∬   x 2   T 3  d  x 1  d  x 2     =   c ¯   33   I  ψ  , 3   .  



(17)




in which


  I =    ∫ A    x 2 2  d  x 2     =  2 3  b  h 3  .  



(18)







In general, the derivative of D3 in the axial direction is much smaller than that of D2 in the transversal one [44], such that static bending of a piezoelectric semiconductor beam can be partly-decoupled. For bending with shear but not an extension problem, the governing equation can be expressed as [41]


   Q  , 3   = 0  



(19)




in which,


  Q =  M  , 3   =   c ¯   33   I  ψ  , 33   .  



(20)







Moreover, Gauss’s law can be written as


   D  2 , 2   = − q Δ n .  



(21)








3. Static Bending Analysis


For a cantilever beam, the boundary conditions are


    u 2   ( 0 )  = 0   ,   ψ  ( 0 )  = 0   ;   Q ( L ) = F   ,   M  ( L )  = 0   ;    D 2   (  ± h  )  = 0 .     



(22)







In addition, the following continuity condition at the interface could be expressed as


   D 2 +  ( i ) =  D 2 −  ( i ) ,   at   the   i - th   interface .  



(23)







It is noted that the general solutions of Equations (19)–(21) can be expressed as


  ψ = −   F L     c ¯   33   I    x 3  +  F  2   c ¯   33   I    x 3 2  .  



(24)






  v =   F L   2   c ¯   33   I    x 3 2  −  F  6   c ¯   33   I    x 3 3  +  S 4   x 3  .  



(25)






  Δ  n   ( i )    =  C  2 i − 1    e  B  x 2    +  C  2 i    e  − B  x 2    , i = 1 , 2 … k ,  



(26)




where


  B =    (  q    μ  11  n   n 0     ε  11    D  11  n     )     1 / 2     



(27)







Thus, the undefined parameters Ci can be solved with the help of the above boundary and continuity conditions on a computer using MATLAB. Solutions for a bi-layer beam and a three-layer beam are listed below as examples:



(1) for a bi-layer beam,


   S 4  =  F  2 b h  c  44   +   4 b    (   e  15    ( 1 )     )   2   (   e  B h   − 1  )    B  ε  11    (   e  B h   + 1  )      ;  



(28)






   C 1  =  C 4  =    e  15    ( 1 )     μ  11  n   n 0   S 4     ε  11    D  11  n  B  (   e  B h   + 1  )    ,  C 2  =  C 3  = −  e  B h    C 1  .  



(29)







(2) for a three-layer beam,


   S 4  =    (   e    2 B h  / 3    + 1  )  B  ε  11   F   3 b  (   (  B  c  44   h  ε  11   + 2    (   e  15    ( 1 )     )   2   )   e    2 B h  / 3    + B  c  44   h  ε  11   − 2    (   e  15    ( 1 )     )   2   )    ;  



(30)






   C 1  =    e  15    ( 1 )     μ  11  n   n 0   S 4   e  − B h / 3      ε  11    D  11  n  B  (   e  2 B h / 3   + 1  )    ,  C 2  = −  e  4 B h / 3    C 1  ,  C 3  = −  e  2 B h / 3    C 1  ,  C 4  = −  C 3  ,  C 5  = −  C 2  ,  C 6  = −  C 1  .  



(31)








4. Numerical Results and Discussion


As an example, the number of layers is taken from k = 1 to k = 3. The related parameters are set as   L = 3   μ m  ,   h = b = 0.2   μ m  ,   F = − 0.8   nN  , and    n 0  =  N D  =   10   21      m  − 3    , unless specially stated. The other material constants of ZnO are taken from [45]:


    c  11   = 207   GPa ,    c  12   = 117.7   GPa ,    c  13   = 106.1   GPa ,    c  33   = 209.5    GPa ,     c  44   = 44.8    GPa ,        e  15   = − 0.45   C /  m 2  ,    e  31   = − 0.51   C /  m 2  ,    e  33   = 1.22   C /  m 2  ,    ε  11   = 7.77    ε 0  ,    ε  33   = 8.91    ε 0  ,     D  11  n  = 5.2 ×   10   − 4      m 2   / s ,     μ  11  n  = 0.02    m 2   / Vs  .   



(32)







Figure 2 shows the fluctuations of electric potential   ( ϕ )  , electric field   (  E 2  )  , electric displacement   (  D 2  )  , polarization   (  P 2  )  , and carrier concentrations   ( Δ n )   in the different numbers of layers. It is noted that the point without fluctuation of carrier concentrations is set as a reference point to determine the electric potential. It is observed from Figure 2a that there is no potential barrier or potential well appearing in a single layer ZnO beam. However, a potential well appears in the bi-layer case and a potential barrier accompanying a potential well is showed in a three-layer case. Thus, it is easy to conclude that the potential barrier and potential well will alternate with the increasing number of layers. In addition, it is obvious that the barrier peaks and the well troughs appear just at the interface. This is because of the discontinuous electric polarization there, such that polarized charges (  Δ ρ  ) are generated at the interface. As shown in Figure 2d, negative polarized charges are generated in a bi-layer beam, which can be calculated from   Δ ρ ( 0 ) = P (  0 −  ) − P (  0 +  )  . The same is true for the three-layer beam; positive polarized charges are generated between the first and second layers, and negative ones appear between the second and third layers. Thus,  ϕ  decreases near the negative polarized charges and increases near the positive ones. Correspondingly, the electric potential energy of electrons is increased due to the negative polarized charges, which decrease the concentration of carriers (shown in Figure 2e). In contrast, the carrier concentrations are increased with the decreasing electric potential energy of electrons. As reported in Ref. [46], the local stress distribution induces a similar potential barrier and potential well structure, which would forbid the passing of low-energy mobile charges. Therefore, it is found that the maximum fluctuation of carrier concentration decreases with the increasing number of layers. Moreover, typical characteristics in the hetero-structure are shown in the homo-structure with reversed c-axial, such as the discontinuity electric field shown in Figure 2b. This phenomenon is similar to the multilayered graphene structure, which could present typical characteristics of the hetero-structures due to the interlaminar Van der Waals forces. However, the interface polarized charges are shown in this paper. From Figure 2b, it is also observed that E2 is enhanced because the interface polarized charges weaken the shielding effect of carriers. This is consistent with some experimental studies which found that hetero-structures may reduce the phenomenon of electric leakage [47]. In this study, the configuration of a multilayered beam with opposite c-axis directions can be seen as a special hetero-structure. Therefore, the present study provides guidance to developing new piezotronic devices such as nanogenerators, heterojunctions, transistors, etc. Finally, as shown in Figure 2c, it is further observed that D2 vanishes at the interface, such that the charge neutrality condition is satisfied in each layer.



Figure 3 shows the electrostatics in a cantilever ZnO bi-layer with different doping concentrations. The carriers are driven to the upper (lower) surface of the first (second) layer due to the effect of the transverse electric field. It is observed that a platform appears at the region (−1.5, −0.5) and (0.5, 1.5) with the increase of initial carrier concentrations. This is because the shielding effect of carriers is enhanced by the increasing doping concentrations, such that the polarized electric field is screened. It is noted that this region is determined by the Debye-Hückel length. However, the Debye-Hückel length is inversely proportional to doping concentrations [43]. Thus, the effective fluctuation region is shortened with increased doping concentrations. In addition, it is obvious that the doping concentrations have a minute effect on the magnitude of the polarized charges at the interface.



Figure 4 shows  ϕ ,   Δ n  ,    E 2   ,    D 2   , and    P 2    in a ZnO bi-layer with different transverse shear forces. As expected, the magnitudes of all the electrostatics become stronger with the increasing transverse shear forces. Thus, the potential barrier height and the well depth are strengthened with increasing end forces, such that more energy is needed for the passing electrons. This characteristic can be used to design new piezotronic devices. In addition, it differs from Figure 3d because the magnitude of the transverse shear force has an obvious effect on the polarized charges. The amount of the polarized charges vs. the magnitude of the applied end force is shown in Figure 5. It is observed that the amount of the polarized charges is linearly related to the end force.




5. Conclusions


A multilayered piezoelectric semiconductor beam model was developed to expose the dramatic interaction between electromechanical fields and carriers in the cross-section. Numerical examples were carried out in a multilayered ZnO cantilever with different numbers of layers and different doping concentrations, and subjected to different end forces. After in-depth study, some observations can be drawn as follows:




	(1)

	
The typical characteristic of hetero-structures is shown in the present structure, with alternating opposite c-axis along the thickness direction such that polarized charges occur at the interface;




	(2)

	
A series of potential barrier/well structures are obtained by the multi-layer beam configuration, which is of significance in tuning and designing the structure performance in terms of number of layers, doping concentrations, and magnitudes of end forces. In addition, these special potential configurations can forbid the passing of low-energy mobile charges;




	(3)

	
The induced polarized charges effectively weaken the shielding effect of carrier redistribution. This means the phenomenon of electric leakage is improved;




	(4)

	
The amount of the polarized charges is linearly related to the end forces;




	(5)

	
Overall, the present study presents guidance for the research and development of new piezotronic devices such as nanogenerators, heterojunctions, transistors, etc.
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Figure 1. A multilayered ZnO beam with alternating opposite polarization directions along the thickness direction. 
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Figure 2. Electrostatics in a cantilever ZnO beam with different numbers of layers. (a) electric potential  ϕ , (b) electric field    E 2   , (c) electric displacement    D 2   , (d) polarization    P 2   , (e) carrier concentrations   Δ n  . 
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Figure 3. Electrostatics in a ZnO bi-layer with different doping concentrations. (a) electric potential  ϕ , (b) electric field    E 2   , (c) electric displacement    D 2   , (d) polarization    P 2   , (e) carrier concentrations   Δ n  . 
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Figure 4. Electrostatics in a ZnO bi-layer with different transverse shear forces. (a) electric potential  ϕ , (b) carrier concentrations   Δ n  , (c) electric field    E 2   , (d) electric displacement    D 2   , (e) polarization    P 2   . 
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Figure 5. The polarized charges vs. transverse shear forces: (a) bi-layer, (b) three-layer. 
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