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Abstract

:

Compared to the bulk piezoelectric materials counterpart, piezoelectric thin films (PTFs) possess advantages of smaller size, lower power consumption, better sensitivity, and have broad application in advanced micro-electro-mechanical system (MEMS) devices. However, the performance of MEMS transducers and actuators are largely limited by PTFs piezoelectric properties. In this review, we focus on understanding structure-property relationship of vapor deposited PTFs, with emphasis on the effect of strain energy and electrostatic energy in thin films, especially, energy relaxation induced misfit dislocation and ferroelectric (FS) and ferroelastic (FC) domain formation mechanisms. We then discuss the microstructure of these domains and their influential mechanisms on piezoelectric properties, as well as the domain engineering strategies (i.e., internal and external stimuli). This review will motivate further experimental, theoretical, and simulation studies on FS and FC domain engineering in PTFs.
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1. Introduction


With the development of science and technology, electronic devices and optoelectronic devices are moving towards miniaturization, integration, and intelligence. Components made of traditional bulk piezoelectric materials have problems such as large size, high power consumption, high cost, and limited operating frequency, while micro-electro-mechanical system (MEMS) devices using piezoelectric thin films (PTFs) have the advantages of small size, low power consumption, and great sensitivity [1,2,3,4,5]. Common applications of PTFs are composed of surface acoustic wave devices [6,7], non-volatile random access memory devices [8,9], infrared sensors [10,11], optical waveguide modulators [12,13], and nanogenerators for energy harvesting [14,15]. In addition, most PTFs are complex ceramic thin films exhibiting complex stoichiometry, co-existence of multiple phases, and various domain morphology, which greatly contribute to functional properties, such as piezoelectricity, dielectricity, and ferroelectricity [16,17]. Therefore, PTFs have drawn great attention from both electronic engineering and materials engineering communities.



Due to the influence of substrates, thicknesses, and atomic growth kinetics, PTFs exhibit distinct characteristics compared to its bulk counterpart. Most literature focuses on the relationship between microstructure and properties, with particular emphasis on the link between piezoelectric properties and the compositional characteristics of doping [18,19,20,21], multi-phases [22,23,24,25], etc. In fact, piezoelectric properties mainly originate from piezoelectric response of domain characteristics, such as domain volume fraction, domain size and domain wall/interface density, and mobility [26,27,28,29]. Conventionally, domains in perovskite structure piezoelectric materials can be divided into two categories: ferroelastic (FS) domains and ferroelectric (FC) domains [30]. FS domains are usually generated by accommodating internal mechanical strain or stress of thin films, such as biaxial residual stress. In comparison, FC domains are introduced by electrostatic energy to maintain uniform charge distributions. As shown in Figure 1a,b, the piezoelectric constant d33 decrease with decreasing a-domain fraction α [31,32], while another piezoelectric constant d31 increases with decreasing domain size [33]. Generally, both FS and FC domains with a large size often reduce piezoelectric properties as a consequence of excessive back-switching [34]. In addition, domain wall/interface density and mobility of have influence on piezoelectric properties. For example, high-density of domain walls usually causes the enhancement of the piezoelectric response [35,36,37], while immobile domain walls with restraining mechanical and electrical recovery lead to the reduction of the piezoelectric response [38]. As shown in Figure 1c, Nagarajan et al. compared continuous PTFs with patterned discrete island PTFs, and found that the motion of the FS domain wall could enhance the piezoelectric response. Patterned discrete island PTFs with high-density mobile domain walls may adapt to the change of the applied electric or stress field [39], and thereby generate a strong piezoelectric response. Thus, controlling of domain structures in PTFs is essential for optimizing the piezoelectric properties [40].



FS and FC domain structure characteristics of PTFs are also influenced by growth mechanisms. PTFs growth includes sol-gel method and physical vapor deposition (PVD). The comparison of their mechanism, main process, advantages and drawbacks are shown in Table 1.



The sol-gel method applies liquid compounds with highly chemically active components as precursors to synthesize PTFs. In comparison, PVD method promotes the transfer of atoms from a solid or molten source to a substrate by physical methods, without chemical reaction. Therefore, PVD method has potential to provide large-scale films with high quality and controllable thickness [41]. Therefore, plenty of researches are focused on this field including electronic device designing, PVD fabrication techniques [42], and materials structure-property relation [43]. For fabricating PTFs, pulsed laser deposition (PLD) and magnetron sputtering deposition (MSD) are two common PVD techniques. Figure 2a,b are schematic diagrams of PLD and MSD, respectively [44]. These two methods show similar atomic growth process, which can be described as: (1) evaporation of target atoms, (2) adsorption or desorption, (3) surface diffusion or interdiffusion, (4) chemical bonding at substrate and nucleation, (5) thin-film formation and growth, as shown in Figure 2c [45]. The major differences between them are attributed to their evaporation approaches (Laser beam for PLD [46] vs. ion bombardment for MSD [47]). Variation of PTFs growing process can be influenced by adjusting film/substrate system characteristics or applying external stimuli, and then give rise to modulate domain structures. Therefore, it is significant to understand the PVD growing process of PTFs, especially the formation and influential mechanisms of domain structures under various film/substrate system and external stimuli.



In this review, we focus on the domain related formation and influential mechanisms of PTFs prepared by PVD. To address this topic, we first discuss energy release mechanisms in Section 2. During the growth process, PTFs encounter island or layer-by-layer growth mode, generation of misfit dislocations and formation of domain structures. In Section 3, based on the relaxation of strain energy and electrostatic energy, we then discuss the influence of various PTF/substrate system on domain structures in PTFs. We mainly focus on the specific characteristics of substrate, film and electrode. In Section 4, we discuss the influence of external stimuli on domains microstructures of PTFs. We briefly introduce the influence of external electric field and mechanical stress. Finally, we summarize domain related formation and influential mechanisms and give an outlook of the future research direction in Section 5. We hope this review could stimulate opportunity to piezoelectric domain engineering in the future.




2. Energy Associated Nucleation and Formation Mechanisms


PTFs are quite different compared to bulk piezoelectric materials, because they are clamped by the substrate and produce mechanical and electrical boundary conditions. As a result, the strain energy and electrostatic energy are generated. Therefore, during the PVD process, PTFs exhibit a complex energy relaxation mechanism, including the variation of growth modes, generation of misfit dislocations and formation of domain structures.



2.1. Variation of Growth Modes


Island growth mode, layer-by-layer growth mode and layer plus island growth mode have been so far classified [48,49]. Thermodynamic theory believes that the interface energy between the film and the substrate (γfs), the surface energy of the film (γf) and the substrate (γs) determine the growth mode [50]. That is, (1) island growth mode for γs < γf + γfs; (2) layer-by-layer growth mode for γs > γf + γfs; (3) layer plus island growth mode for γs > γf + γfs at the early stage and γs < γf + γfs at the later stage. The schematic diagrams of these three growth modes are shown in Figure 3 [46]. If γs < γf + γfs, it is energetically favorable for adatoms to form three-dimensional clusters or islands on the surface of the substrate. Adatoms tend to combine with their own weakly bound atoms and thin film growth proceed by the growth of islands until they coalescence, which is called island growth mode (Volmer–Weber growth mode), as indicated in Figure 3a. Many metal thin films deposited on insulators exhibit this growth mode. On the other hand, if γs > γf + γfs, adatoms are more likely to bond with the substrate atoms. Once adatoms clusters form on the surface, other adatoms tend to attach to the cluster at its periphery where they bond with both substrate and thin film atoms. As a consequence, thin film exhibits the planar growth, which is called the layer-by-layer growth mode (Frank van der Merwe growth mode), as indicated in Figure 3b. It requires that the lattice mismatch between the film and the substrate is quite small and the epitaxy films usually exhibit this growth mode. If γs > γf + γfs at the early stage, the first few monolayers are grown layer-by-layer, and as PTFs deposition procress, the tendency is reversed into γs < γf + γfs, subsequent adatoms tend to gather into islands rather than continue the planar growth. This process combines the characteristics of island growth mode and layer-by-layer growth mode, called layer plus island growth mode (Stranski–Krastanovs growth mode), as indicated in Figure 3c. It is usually found in metal-metal or semiconductor-semiconductor systems, especially for lattice mismatch and strained layer growth [51]. Therefore, the changes in surface energy and interface energy may lead to the variation of growth modes.



For different PTFs deposited on different substrates, these three growth modes are mainly determined by the lattice mismatch. If the lattice mismatch is large, the interface energy γfs is large enough to satisfy the equation γs < γf + γfs, and PTFs may grow directly in island growth mode [52]. On the contrary, if the lattice mismatch is small, the smaller γfs is more likely to cause γs > γf + γfs, so that PTFs could grow in layer-by-layer growth mode. By comparing the cross-sectional morphology of PbZr0.52Ti0.48O3 and PbZr0.2Ti0.8O3 films deposited on SrRuO3-buffered SrTiO3 substrate, Nagarajan et al. find that the two different films deposited on the same substrate exhibit different growth modes. The PbZr0.2Ti0.8O3 film has a smoother surface, and the layer-by-layer growth mode occurs. Due to the small lattice mismatch (−0.7%) between PbZr0.2Ti0.8O3 and SrRuO3, the film matches the bottom electrode well, so the film could grow in layer-by-layer mode. In comparison, the PbZr0.52Ti0.48O3 film has a rough surface, indicating that it grows in the island growth mode due to the lattice mismatch of −3.93% between PbZr0.52Ti0.48O3 and SrRuO3 [53,54]. For the same film deposited on different substrates, lattice mismatch could also lead to different growth modes. When BaTiO3 is deposited on an SrTiO3 substrate with a small lattice mismatch, BaTiO3 grows in the layer-by-layer growth mode [55,56]. On the contrary, when BaTiO3 is deposited on MgO substrate with a large lattice mismatch, the film grows in the island growth mode [57]. Through these two sets of comparative experiments, it can be demonstrated that on the same substrate, the types of PTFs are different, and the lattice mismatch between PTFs and the substrate is different, which may lead to different growth modes. Similarly, the same PTFs deposited on different substrates may also form different growth modes.



For PTFs and substrate with moderate lattice mismatch, PTFs usually grow in layer plus island growth mode. At the initial stage, the mismatch is not large enough to form islands, so that PTF could grow layer by layer. However, the strain energy generated by the lattice mismatch between PTFs and the substrate increases with the increase of deposition layers [58]. In order to release these strain energy, once the film grows beyond a critical thickness, strain islands are formed on the PTF surface by sacrificing γf [59]. Therefore, γs < γf + γfs is satisfied and island growth mode becomes favorable. As a result, the growth mode will change from the layer by layer growth mode to the island growth mode [60,61]. Visinoiu et al. deposited BaTiO3 films on the vicinal SrTiO3 (001) substrate through PLD, and observed the changes in surface morphology through atomic force microscope (AFM) and transmission electron microscopy (TEM) [62]. As shown in Figure 4a–f, with the film deposition process, the surface of PTF gradually changes from smooth to rough. At the beginning of deposition process, a smooth surface means that the film grows layer by layer. In the later stage of deposition, the growth mode of BaTiO3 changes to the island growth mode to release the mismatch between the film and the substrate. The rough surface of the film proves the existence of the island growth mode. In other words, it can be seen that the BaTiO3 film grows from layer-by-layer to island growth mode. The variation of growth modes observed in the experiment is consistent with the conclusion obtained by theoretical calculation by Kang et al. [63]. Overall, PTFs could change growth modes from layer-by-layer to island growth mode during deposition process in order to release the strain energy.



Besides the thermodynamics, PTFs growth modes are also affected by the kinetics caused by the preparation conditions [64,65]. It is demonstrated that the pulse repetition rate, deposition temperature and gas pressure are all effective methods to adjust the growth mode of PTFs. In general, the preparation conditions which can increase the mobility of adatoms are beneficial to the layer-by-layer growth mode [66]. On the contrary, the preparation conditions which impede adatoms migration or increase the barrier of adatom transition stimulate the island growth mode. For example, reducing the pulse repetition rate could enhance the layer-by-layer growth mode. Because the decrease in pulse repetition rate will increase the time interval between two laser pulses, adatoms have enough time for surface diffusion to form layer-by-layer growth mode. When the pulse repetition rate is high, the adatoms do not have enough time to diffuse and can only cluster together to form the island growth mode [67,68,69]. Increasing the deposition temperature will enhance the surface diffusion of adatoms, making it easier to overcome the layer transition barrier and as a result, forms the layer-by-layer growth mode. In contrast, when the deposition temperature is low, PTFs exhibit the island growth mode because of the weak diffusion ability of adatoms [70,71]. Kang et al. prepared PZT films with different deposition temperature by MSD. Without changing other preparation conditions, the surface topography shows that as the deposition temperature increases, the growth mode changes from island growth to layer-by-layer growth [72]. That is, higher deposition temperature increases the kinetic energy of adatoms, which is conducive to the formation of layer-by-layer growth mode. PTFs deposited at the low gas pressure will lead to layer-by-layer growth mode. It is demonstrated that the adatoms will collide less during the movement on the substrate at lower gas pressure. Therefore, they maintain high mobility rate on the surface of the film, resulting in the layer-by-layer growth mode. Whereas the excessive gas pressure will hinder the diffusion of adatoms, causing PTFs to grow in the island growth mode [73,74,75]. In conclusion, the growth mode can also be changed by adjusting the preparation conditions to release energy.




2.2. Formation Mechanisms of Misfit Dislocations


Besides the variation of growth modes, the generation of misfit dislocations is also a significant way to release energy during the early stage of PTFs growing process. Different from metal or semiconductor thin films [76,77,78], PTFs will undergo a phase change from paraelectric (PE) phase to ferroelectric (FE) phase during the temperature drops to Curie temperature (   T C   ), accompanied by a decrease in the crystal symmetry. The deposition temperature (   T g   ) for PTF is usually higher than    T C   , when PTF is the PE phase. For example,    T C    of BaTiO3 and PbTiO3 is about 130 and 450 °C, respectively, while    T g    is above 600 °C [79]. At this stage, the relaxation of the energy is mainly accomplished by the formation of dislocations [80,81,82].



The generation of misfit dislocations occurs at the certain thickness of PTFs [83,84]. During PTFs growing process, when the thickness is equivalent to one or a few atomic layers, the mismatch between the interfaces is relaxed by uniform elastic strain [85,86]. As the thickness increases, strain energy gradually increases. After exceeding a critical thickness    h C   , PTFs will generate misfit dislocations and partially relax the total energy of the system [87,88,89,90]. Concurrently, the generation of dislocations will increase the dislocation energy. If the strain energy released by misfit dislocations exceeds the energy increased by the generation of dislocations, the misfit dislocation could exist. When these two energies are exactly equal to each other, the critical thickness    h C    for the generation of misfit dislocation can be calculated as [91]:


   h c  =   l  (   h c   )     ε m   (  1 + ν  )     



(1)




where    ε m    is misfit strain, ν is Poisson’s ratio,   l  (   h c   )    is given as


  l  ( h )  =    |   b →   |    8 π cos λ    (  1 − ν   cos  2  β  )  ln  (    α h    |   b →   |     )   



(2)




where λ is the angle between the Burgers vector and the direction normal to the misfit dislocation line, β is the angle between the Burgers vector and the dislocation line. For PTFs with thickness   h <  h C   , they could maintain the coherence with the substrate lattice, while sacrificing the elastic strain energy of the film lattice. As the thickness of the film increases, the elastic strain energy increases linearly with the thickness, eventually exceeding the energy required for the generation of misfit dislocations. Therefore, misfit dislocations are generated, which destroy the interface coherence of the film and the substrate, and partially relax the strain energy [92,93,94,95,96]. In the PTFs with tetragonal perovskite structure deposited on cubic or pseudo-cubic (100) substrates, two types of misfit dislocations with the Burgers vector {100} and {110} are usually observed through both simulation prediction [97] and experimental validation [98,99]. Figure 5 shows two types misfit dislocations with Burgers vectors   b = a  [  010  ]    and   b = a  [  011  ]    on the BiFeO3/LaAlO3 interface observed by high-angle annular dark-field (HAADF) scanning transmission electron microscopic (STEM) [100]. Both of them contain a [010] component, which could release the misfit strain energy between BiFeO3 and LaAlO3 along their interface.



In addition to releasing energy at    T g   , the generation of misfit dislocations could influence the following process. Once the misfit dislocations reach the equilibrium density, the effective mismatch between PTFs and the substrate will also change. The equilibrium dislocation density    ρ  m d     is calculated by Mattews et al. [95].


   ρ  m d   =    ε m     |   b →   |  cos λ   −  1  8 π h   cos  2  λ    (    1 − v   cos  2  β   1 + ν    )  ln  (    4 h    |   b →   |     )   



(3)







It is reasonable to assume that the misfit dislocation density will not change with temperature during the cooling process. However, misfit dislocations have a screening effect on the substrate, and the lattice constant of the substrate felt by PTF will change. To simplify the following calculation, here we use the effective substrate lattice constant    a S *    to express the lattice constant after the generation of misfit dislocations,


   a s *  =  a s   (  1 −  ρ  m d    |   b →   |  cos λ  )   



(4)







The change of    a S *    will further change the subsequent mismatch strain energy, thereby affecting the energy release of PTFs at lower temperature [101]. In other words, at the early stage of PTFs growth process, generation of misfit dislocations could not only release energy, but also affect the energy releasing later by adjusting the effective substrate lattice constant.




2.3. Formation Mechanisms of Domain Structures


During the cooling process from    T g    to the room temperature, the formation of domain structures becomes the main way of PTFs energy release. The energy produced in this process could mainly divided into strain energy and electrostatic energy. Strain energy includes: (1) misfit strain energy, due to the lattice mismatch between the film and the substrate; (2) thermal strain energy, due to the different thermal expansion coefficients of the film and the substrate. When cooling to    T C   , the phase transition will produce spontaneous polarization in PTFs, leading to the formation of surface charges, which form a depolarization field in the opposite direction of the spontaneous polarization. In the presence of the depolarization field, electrostatic energy is generated. In order to release these energy, PTFs form small regions with the same spontaneous polarization, which are called domain structures [102,103,104]. FS domains are formed to release the strain energy and FC domains are formed to release the electrostatic energy.



For simplicity, here we consider a simple case of PTF with tetragonal structure. There will be three domain states [105], one with the out-of-plane orientation of the tetragonal axis (c-domain) and two with the in-plane orientation (a1-domain and a2-domain), as shown in Figure 6a. In the following, we discuss the domain formation mechanisms.



The lattice mismatch between PTFs and the substrate can be written as


   ε a  =    a s *  − a    a s *     



(5)




and


   ε c  =    a s *  − c    a s *     



(6)




where  a  and  c  represent the lattice constants of the tetragonal PTFs. We define a parameter called tetragonality ratio as


  χ = −    ε c     ε a    =   c −  a    s   *     a    s   *  − a    



(7)







Firstly, we consider the single domain state. For c-domain, the formation energy is


   U c   =  E  1 − ν    ε a 2  = 2  U 0   (  1 + ν  )   



(8)







For a1-domain or a2-domain, the formation energy is equal to each other due to their symmetry, which can be described as


   U a   =  1 2   E  1 − ν    (   ε a 2  +  ε c 2  + 2 ν  ε a   ε c   )  =  U 0   (  1 +  χ 2  − 2 ν χ  )   



(9)







When   χ = 1 + 2  ν, the two formation energy terms reach the same. To simplify the calculation, here we consider the relative coherency strain. The c-domain is energetically favorable when   φ > 1 / 2  (  1 + v  )     . On the contrast, a-domain is energetically favorable when   φ < 1 / 2  (  1 + v  )   .



Then we consider two domain state. Two domain state is favored if the formation energy of the single domain can be diminished by embedding a second domain orientation [106]. Assuming that the fraction of c-domain is α and the fraction of a-domain is 1-α, then two domain state energy can be written as


   U  a a   =  E  1 + ν      (   ε a  −  ε c   )   2  = 2  U 0     (  1 + χ  )   2   (  1 − ν  )   



(10)







Comparing    U a    and    U  a a    , we will find that the energy reaches a minimum value when the fractions of a1 and a2 domains are equal (α = 0.5). In other words, the mixture of a1 and a2-domain always has a lower energy than the single a-domain state. Taking    U c    and    U  a c     into account, we get a theoretically stable PTFs domain structure state. When   φ < 0  , c-domain is favorable and when   φ > 1 /  (  2 +   2 − 2 ν    )   , a1/a2-domain is favorable. Between these two critical values, the a/c-domain has the lowest energy. We use Table 2 and Figure 6b to summarize the above analysis.
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Figure 6. Domain states in tetragonal PTFs. (a) Three domain states in tetragonal PTFs: a1-domain with [100] polarization; a2-domain with [010] polarization; c-domain with [001] polarization. (b) Theoretical calculation for predicting domain states with different φ in tetragonal PTFs. From bottom to top, (1) single domain state, (2) two domain state of a-domain, and c-domain, and (3) the distinction between a1-domain and a2-domain are taken into account, respectively. Reprinted with permission from [107] 2010 Springer Nature. 
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2.4. Domain Configurations in Tetragonal PTFs


For PTFs with more than one domain states, different domains are separated from each other by domain walls. In the case of PTFs with tetragonal structure, only {110} domain walls are stable. For a/c-domain, domain walls include (  101  ), (  1  1 ¯  0  ), (  011  ) and (  0  1 ¯  0  ), which are nearly 45° inclined to the PTFs/substrate interface. For a1/a2-domain, domain walls include (  110  ) and (   1 ¯  10  ), which are nearly perpendicular to the interface. Figure 7a,b are the schematic diagrams and the experimental observation [108] of these two types of domain walls, respectively.



If PTFs contain all the three domains, two different domain configurations are possible: hierarchical configuration and cellular configuration, as illustrated in Figure 7c [107]. It is demonstrated that when the fractions of the three domain states are similar, hierarchical configuration is energetically favorable. However, when the fraction of c-domain is very large and there are only a few a1 and a2-domain, PTFs tend to exhibit the cellular configuration [30,109].





3. Influence of Film/Substrate System on Domain Structures


As mentioned above, the formation of domain structures in PTFs is generally the result of minimizing the strain energy and electrostatic energy of the film/substrate system. From this, domain structures in PTFs are sensitive to the PTF/substrate system, i.e., characteristics of the substrate, PTF, and electrode. Even small changes in these factors could lead to substantial effects on different strain energy and electrostatic energy in PTFs, and then influence domain structures. Therefore, we briefly introduce the effects of these PTF/substrate system on domain structures here.



3.1. Substrates Characteristics


Different substrates have their unique lattice constants and thermal expansion coefficients, i.e., different lattice mismatches and thermal mismatches will occur between them and PTFs. The selection of suitable substrate can generate appropriate strain in the PTFs and obtain the desired domain structure. The basic principle is: tensile strain is conducive to the generation of a-domain, and compressive strain is conducive to the generation of c-domain [107]. This regular law has already confirmed by both theoretical simulations and experimental validations [110,111].



The lattice mismatch between PTF and the substrate is probably the most significant principle when choosing a substrate. Substrate with a larger lattice constant than that of PTF will lead to the tensile strain in PTF. On the contrary, substrate with a smaller lattice constant than that of PTF will result in the compressive strain in PTF. As the strain changes form compressive to tensile, the domain structure changes from c-domain to a/c-domain, and finally to a1/a2-domain. Figure 8a shows the change of domain structures of the BaTiO3 film with strain using the phase field simulation method [112]. From compressive mismatch strain to tensile mismatch strain, domain structure of BaTiO3 changes from single c-domain (left of Figure 8a) to a/c-domain (middle of Figure 8a), and finally evolves into a1/a2-domain (right of Figure 8a). That is, c-domain fraction decreases and a-domain gradually dominates the microstructure. A similar trend of domain structure change was also observed in the experiment. Figure 8b is the X-ray diffraction (XRD) image of PbTiO3 films grown on different substrates [113,114]. The lattice mismatches between PbTiO3 films and SrTiO3, DyScO3, GdScO3, KTaO3 substrates are −1.33%, −0.18%, 0.2%, and 0.5%, respectively. It can be seen that when PbTiO3 is under a large compressive strain, there is almost only (00l) peaks, which means that PbTiO3 is dominated by c-domains. As the tensile strain increases, the (h00) peak appears and gradually becomes stronger, indicating that a-domains are formed and the volume fraction of a-domain continues to increase. This phenomenon is consistent with the trend of the phase field simulation. Therefore, by selecting a suitable substrate, different mismatch strains can be applied to PTFs to tailor the domain structure.



The thermal mismatch caused by the difference in the thermal expansion coefficients between PTFs and the substrates is also a concern. The selection of a suitable substrate can make PTFs generate proper thermal mismatch during the cooling process, and then obtain different domain structures. The thermal stress induced in PTFs during the cooling process can be written as:


   σ  t h   =  E  1 −  ν f     (   α f  −  α s   )   (   T d  − T  )   



(11)




where    α f    and    α s    represent the thermal expansion coefficient of PTFs and the substrates, respectively. If    α s    is greater than    α f   , a compressive stress is produced and the formation of c-domain is advantageous. On the contrary, if    α f    is greater than    α s   , a tensile stress is produced and the formation of a-domains is advantageous [115]. Figure 9a,b shows the cross-sectional TEM images of PbTiO3 films deposited on the MgO (001) and KTaO3 (001) substrate by radio frequency MSD [108]. The thermal expansion coefficient of PbTiO3 is    α f  ≈ 12.6 ×   10   − 6   / K  , while the thermal expansion coefficients of MgO (001) and KTaO3 (001) substrate are    α s  ≈ 14.8 ×   10   − 6   / K   and    α s  ≈ 6.67 ×   10   − 6   / K  , respectively. Since the thermal expansion coefficient of the MgO (001) substrate is greater than that of the PbTiO3 film, compressive thermal stress is generated in the film during the cooling process. Therefore, the PbTiO3 film is mainly composed of c-domains, with some a-domains separated by 90° domain walls, as shown in Figure 9a. On the contrary, the thermal expansion coefficient of the KTaO3 (001) substrate is smaller than that of the PbTiO3 film, and the strain caused by the thermal mismatch is tensile. In Figure 9b, we could demonstrate that in the PbTiO3/KTaO3 (001) system, a large number of a-domains can be observed, and a small number of c-domains are embedded in it. For BaTiO3 films prepared by PLD, the formation of domain structure is similar. It is observed that the film is in the c-domain state on the MgO substrate with a higher thermal expansion coefficient [116], whereas for GaAs substrate having smaller thermal expansion coefficient, it shows the a-domain state [117]. Thus, using substrates with larger thermal expansion coefficients could help to obtain a structure with more c-domains at room temperature. On the contrary, if more a-domains are wanted, one can choose a substrate with a smaller thermal expansion coefficient.




3.2. PTF Characteristics


The thickness and composition of PTFs influence the domain structures by affecting the misfit strain energy, which in turn affects the domain structure. PTFs with different thickness have different effective misfit strain. Derived from Equations (1)–(4), the effective substrate lattice constant can be written as


   a *  = a  [  1 −  ε m   (  1 −    h c   h   )   ]   



(12)







The effective residual misfit strain as follows


   ε    m   *  =    a *  −  a c     a *     



(13)







If the film initially produces tensile strain, i.e.,    ε m    is positive, then    a *    will decrease as the film thickness h increases. The effective residual misfit tensile strain decreases, leading to an increase in the c-domain fraction. On the contrary, if the initial misfit strain in the film is compressive strain, i.e.,    ε m    is negative, the law is reversed. Figure 10a,b shows the variation of c-domain fraction versus film thickness. For PbTiO3 film on the KTaO3 substrate (Figure 10a), the lattice constant of the substrate is 4.003 Å, which is greater than that of PbTiO3 (3.986 Å). Through the epitaxial effect, this causes tensile strain in the film. Therefore, as the deposition thickness increases, the tensile strain relaxes through the formation of c-domain and the c-domain fraction increases [118]. In the case of Pb(Zr0.2Ti0.8)O3 film on the LaAlO3 substrate (Figure 10b), the lattice constant of the substrate is smaller than that of PTF, which results in the compressive strain in the film. Therefore, as the film becomes thicker, the compressive strain is relaxed by the formation of a-domain, so the fraction of c-domains decreases [91].



The influence of PTF composition on the domain structure is mainly manifested by changing the lattice constant [120]. By controlling the Zr/Ti ratio of Pb(Zr,Ti)O3 film, the mismatch strain can be controlled, which in turn affects the domain structure [121]. Figure 10c shows the variation of c-domain fraction with Zr concentration in Pb(Zr,Ti)O3 film prepared by radio frequency MSD [119] that the domain structure of epitaxial PZT thin films are grown on. Because the ion radius of Zr4+ is larger than that of Ti4+, the increase of Zr concentration will lead to the increase of Pb(Zr,Ti)O3 lattice constant [122]. In the film, the compressive strain increases, and the c-domain fraction increases accordingly. A similar rule exists when the film is subjected to tensile strain. Ichinose et al. prepared Pb(Zr,Ti)O3 films on KTaO3 substrate and found that when the Zr content is 0, the film is subjected to a large tensile strain. At this time, the film is almost entirely composed of a-domains. As the Zr content increases, the tensile strain on the film gradually decreases, and the c-domain fraction increases accordingly [123]. Besides the experimental validation, Lee et al. used finite element method and also confirmed that as the Zr concentration increases, the c-domain fraction will increase [124].




3.3. Electrode Film Characteristics


The influence of electrode characteristics is often considered when the film is thinner. This is because the strain energy dominates over the electrostatic energy when the film is thick [104]. Researchers often pay attention to the influence of film and substrate characteristics on domain structures. However, the electrostatic energy increases with the decrease of the film thickness [125]. In ultra-thin PTFs, the influence of electrostatic energy even dominates over the strain energy and must be taken into account [126,127,128].



It is demonstrated that using electrodes to move the carriers in a directional direction to shield the depolarization field is an effective way to release electrostatic energy [129,130]. In addition to compensating for the charge caused by the depolarization field to reduce electrostatic energy, the lattice mismatch between the electrode and PTF cannot be ignored. If the lattice constants of the electrode and the substrate are quite different, the presence of the electrode may change the regularity of domain structures in PTFs [131]. Figure 11a shows the c-domain fraction of PbTiO3 films with or without Pt electrode as a function of film thickness [132]. In the absence of Pt electrodes, PbTiO3 is deposited directly on the MgO substrate. Since the lattice constant of MgO is larger than that of PbTiO3, the film is under tensile stress, so the c-domain fraction increases with the film thickness increases. Conversely, if the PbTiO3 grows on the Pt bottom electrode, it can be subjected to compressive stress. As the film thickness increases, the compressive strain relaxes and the c-domain fraction decreases instead. However, if the bottom electrode and the substrate have similar lattice constants, there is usually no further influence on the strain energy. For example, PbZr0.2Ti0.8O3 film deposited on (001) SrTiO3 with or without a La0.5Sr0.5CoO3 bottom electrode exhibit the same c-domain structures [133]. This is because both SrTiO3 and La0.5Sr0.5CoO3 have the smaller lattice constants than PbZr0.2Ti0.8O3. In other words, in the presence of electrodes, not only the reduction in electrostatic energy should be considered, but also the influence of its corresponding strain energy.



For PTFs without electrodes, there is no charge to compensate the polarization bound charge, as a result, FC domain will generate to minimize the electrostatic energy [135,136,137]. Figure 11b,c shows a comparison of electrostatic energy before and after the formation of 180° FC domain [134]. It is demonstrated that the formation of 180° FC domains could effectively reduce the electrostatic energy.





4. Influence of External Stimuli on Domain Structures


Domain structure in PTFs is also affected by the external stimuli. After the application of a sufficiently large external stimulus (such as electric field or mechanical stress), domain walls will be displaced, resulting in the change of domain structures [138,139,140]. Different applications have different requirements for the evolution of the domain structure under the external stimuli. For example, PTFs used as sensors require a high electric field response (direct piezoelectric effect) to the external mechanical stress [10]; on the contrary, PTFs used as actuators need to have a high strain response to an external electric field (inverse piezoelectric effect) [141,142]. That is, domain structures and their evolution under different external stimuli are significant for domain engineering.



4.1. Influence of External Electric Field on Domain Structures


The external electric field applied along the out-of-plane direction is conducive to the formation of c-domains. Because the direction of the external stimuli is the same as the polarization direction inside c-domain in PTFs, the enthalpy of c-domain can be reduced. As a result, it is thermodynamically favorable to the formation of c-domains [143,144,145]. Figure 12a shows the formation of c-domain under the external electric field along the out-of-plane direction from 0 V to 8.2 V, and then propagates at 10 V [146].



Concurrently, the external electric field along the out-of-plane direction is detrimental to the formation of a-domain, and could even erase the existing one. Whether the a-domain could be erased completely depends on the mobility of domain walls. Figure 12b,c shows the domain evolution at different positions under the external electric field by in situ TEM [147]. Regardless of whether a-domain is at the film/substrate interface or at the free surface, as the applied electric field increases, the volume of the a-domain will decrease. However, the elastic energy cost of erasing the a-domain at the interface between PTFs and the substrate is relatively high. Domain walls here are difficult to migrate, and it is difficult to completely disappear even under a large external electric field. When the applied electric field is removed, the a-domain will return to its original state. On the contrary, a-domains at the free surface are not pinned and could migrate more easily. Under the external electric field, the a-domain almost disappears. After removing the electric field, the a-domain will not return to its original state. Therefore, the evolution of domain structures by the external electric field is related to the mobility of the domain structure itself.




4.2. Influence of External Mechanical Stress on Domain Structures


The effect of the external mechanical stress on the evolution of domain structures is similar to that of the misfit strain. Overall, the evolution of domain structures by the external mechanical stress is related to the direction of applied stress. The compressive stress along the out-of-plane direction is conducive to the formation of a-domains, while compressive stress along the in-plane direction is detrimental to the formation of a-domains [148,149]. Figure 13a shows the domain evolution under the external mechanical stress in the out-of-plane direction by in situ TEM [147]. It is demonstrated that external stimuli will conducive to the in-plane polarization and induce the growth of a-domains. The a-domain will grow to reach the free surface of the film and then widen. When the applied mechanical stress is removed, it will return to its original state. Slutsker et al. use the phase field simulation to analysis the domain structure evolution with the same condition, and the result is consistent with the experimental observation [150]. As shown in Figure 13b, for PTFs subjected to out-of-plane compressive stress, the fraction of c-domain is reduced continuously, and finally the three-domain state is transformed into the a1/a2-domain state.



On the contrary, applying compressive stress in the in-plane direction will conducive to the out-of-plane polarization and the a-domain fraction decreases until it eventually disappears. Figure 13c confirms that under the external compressive stress along the in-plane direction, a-domains shrink and eventually even disappear [147]. The phase field simulation results are shown in Figure 13d [151]. When compressive stress is applied along the in-plane direction, the a-domain fraction gradually decreases, and the c-domain fraction increases accordingly. The three domain state finally changes from hierarchical configuration to cellular configuration.





5. Summary and Prospects


In this review, we reviewed growth mechanisms of vapor deposited PTFs. The energy accumulated during thin film growth can be released by variation of the growth modes, generation of misfit dislocations and formation of domain structures. We then reviewed the influential mechanisms of piezoelectric domains, ranging from substrate, film, and electrode characteristics, to external stimuli including electrical field and mechanical stress, as shown in Figure 14. We think this review could not only provide insights to understand domain structure-piezoelectric property relationship, but also motivate future experimental, theoretical and simulation studies on FS and FC domain engineering in PTFs.



Regarding the future prospects, controlling strain energies that are originated from substrate, seed layer, and electrode layer are important. Various research has emphasized designing different top electrode-nanolayer and bottom seed electrode-nanolayer in order to introduce unbalanced interface mismatch strains and then domain interfaces. This is known as domain patterning, where high-density of nanosized FS domains will lead to higher polarized sensitivity and piezoelectric constant. Unbalanced electrode design also provides the variety of PTFs for different MEMS applications. Moreover, with the development of TEM from ex situ to in situ observation and from conventional morphology to differential phase contrast analysis [152,153,154], domain interface structure and kinetics may be visualized. These studies are of great importance for understanding domain-wall kinetics and then domain evolution characteristics including volume fraction, shape, and density. FS domain interfaces can be categorized as terrace-defect interfaces (defined as coherent interface with terrace defect structure) with dislocation (b) and step height (h) characters. In order to maintain the interface coherency, the biaxial strains will generate near domain interface region and lead to formation of a new terrace plane with specific crystallographic orientation and leaving a misfit dislocation. Compared to metal interface with additional disclination (θ) character [155,156,157], terrace-defect domain interfaces in piezoelectric oxides are less complicated but require much more research on their effects to understand their crystallographic structure and motion kinetics in the future. Especially, in situ TEM experiments and simulations on motion kinetics of these domain interfaces are suggested in the future.
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Figure 1. (a) Normalized piezomodulus as a function of a-domain fraction α: as α increases, d33 shows a decreasing trend. Reprinted with permission from [31] 2013 Springer Nature; (b) piezoelectric coefficient d31 as a function of domain size: as domain size increases, d31 shows a decreasing trend; Reprinted with permission from [33] 2005 AIP Publishing; (c) piezoelectric loops of domain walls/interfaces with higher and lower mobility: higher mobility leads to a higher converse piezoelectric coefficient. Reprinted with permission from [37] 2002 Springer Nature. 
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Figure 2. (a) Schematic diagram of PLD. Reprinted with permission from [46] 2010 Elsevier; (b) schematic diagram of MSD. Reprinted with permission from [44] 2018 Elsevier; (c) schematic diagram of the atomic growth process in PTFs. Reprinted with permission from [45] 2021 The Royal Society of Chemistry. 
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Figure 3. Schematic representation of three growth modes. (a) Island growth mode, or Volmer–Weber growth mode; (b) layer-by-layer growth mode, or Frank van der Merwe growth mode; (c) layer plus island growth mode, or Stranski–Krastanovs growth mode. Reprinted with permission from [46] 2010 Elsevier. 
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Figure 4. Variation of growth modes of BaTiO3 films deposited on the SrTiO3 substrate by AFM. BaTiO3 changes from layer-by-layer (a,b) to island (c–f) growth mode. Reprinted with permission from [62] 2002 AIP Publishing. 
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Figure 5. Misfit dislocations on the BiFeO3/LaAlO3 interface. Reprinted with permission from [100] 2017 Springer Nature. (a) HAADF-STEM image of the interface. Pink and green arrows indicate two different types of misfit dislocations magnified in (b) and (c), respectively. (b) Magnification of region 1 in (a), which shows a misfit dislocation with Burger vector   b = a  [  010  ]   . (c) Magnification of region 2 in (a), which shows a misfit dislocation with Burger vector   b = a  [  011  ]   . 
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Figure 7. Domain configurations in tetragonal PTFs. (a) Schematic diagrams of domain walls in tetragonal PTFs: a/c-domain walls (left) and a1/a2-domain walls (right). The arrow indicates the polarization direction of different domain. (b) Experimental observation of domain walls in tetragonal PTFs. Reprinted with permission from [108] 2001 AIP Publishing; Two types of domain walls are observed, as indicated by the arrows. (c) Schematic diagrams of three domain configurations in tetragonal PTFs: hierarchical configuration (left) and cellular configuration (right). Reprinted with permission from [107] 2010 Springer Nature. 






Figure 7. Domain configurations in tetragonal PTFs. (a) Schematic diagrams of domain walls in tetragonal PTFs: a/c-domain walls (left) and a1/a2-domain walls (right). The arrow indicates the polarization direction of different domain. (b) Experimental observation of domain walls in tetragonal PTFs. Reprinted with permission from [108] 2001 AIP Publishing; Two types of domain walls are observed, as indicated by the arrows. (c) Schematic diagrams of three domain configurations in tetragonal PTFs: hierarchical configuration (left) and cellular configuration (right). Reprinted with permission from [107] 2010 Springer Nature.



[image: Coatings 11 01437 g007]







[image: Coatings 11 01437 g008 550] 





Figure 8. Domain structures at different misfit strains. (a) Domain structures in BaTiO3 films at different misfit strains by phase field simulation [102]. The lattice mismatches are −1.0%, 0.0%, and 0.2% from left to right. The domain structures are c-domains, a/c-domains, and a-domains, respectively. (b) Domain structures in PbTiO3 films with different substrates [113]. The lattice mismatches are −1.33%, −0.18%, 0.2%, and 0.5% from top to bottom. Domain structures change from mainly c-domains to a/c-domains, and finally mainly a-domains. Reprinted with permission from [102] 2006 AIP Publishing; Reprinted with permission from [113] 2020 IOP Science. 
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Figure 9. Cross-sectional TEM images of PbTiO3 films deposited on (a) MgO (001) substrate and (b) KTaO3 (001) substrate. Domain structures are: (a) mainly composed of c-domains and (b) a-domains. Reprinted with permission from [108] 2001 AIP Publishing. 
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Figure 10. (a,b) C-domain fraction versus film thickness. (a) PbTiO3 film on the KTaO3 substrate shows that as the thickness increases, the c-domain fraction increases. Reprinted with permission from [118] 1994 American Physical Society; (b) Pb(Zr0.2Ti0.8)O3 film on the LaAlO3 substrate shows that as the thickness increases, the c-domain fraction decreases. Reprinted with permission from [91] 1999 AIP Publishing. (c) C-domain fraction with Zr concentration in Pb(Zr,Ti)O3 film shows that as Zr concentration increases, the c-domain fraction increases. Reprinted with permission from [119] 2012 Springer Nature. 
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Figure 11. (a) C-domain fraction in PbTiO3 films deposited on the MgO substrate with and without Pt electrode. Reprinted with permission from [132] 2004 AIP Publishing. The fraction of c-domain decreases/increases with increasing film thickness in the presence/absence of Pt electrode. (b,c) The formation of 180° FC domains in ultra-thin BiFeO3 films could reduce the electrostatic energy. Reprinted with permission from [134] 2011 American Chemical Society. (b) The bound charge (up) and electrostatic energy (down) before 180° domain formation; (c) the bound charge (up) and electrostatic energy (down) after 180° domain formation. 
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Figure 12. Domains evolution under the external electric field along the out-of-plane direction. (a) The TEM images (up) and the schematic diagrams (down) show the formation and propagation of c-domain. Reprinted with permission from [146] 2013 Springer Nature. (b,c) The TEM images of a-domain evolution. Reprinted with permission from [147] 2014 Springer Nature: (b) reversible evolution at the film/substrate interface; (c) irreversible evolution at the free surface. 
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Figure 13. Domains evolution under the external mechanical stress. (a,b) Compressive stress along the out-of-plane direction: (a) the TEM images show the a-domain formation and propagation [147]; (b) the phase field stimulation shows the domain structures change from c/a1/a2-domain structure to a1/a2-domain structure [151]. (c,d) Compressive stress along the in-plane direction: (c) the TEM images show the a-domain shrink and disappear [147]; (d) the phase field stimulation shows the domain structures change from hierarchical configuration to cellular configuration [151]. Reprinted with permission from [147] 2014 Springer Nature. Reprinted with permission from [151] 2002 AIP Publishing. 
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Figure 14. A schematic of suggested domain engineering strategies. 
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Table 1. Comparison of sol-gel method and PVD method.






Table 1. Comparison of sol-gel method and PVD method.





	Preparation Method
	Mechanism
	Main Process
	Advantages
	Drawbacks





	Sol-gel
	Colloid chemistry
	A sol system is formed through a chemical reaction, and then a thin film is gelled on the surface of the substrate.
	Low cost; controllable composition;
	Uncontrollable chemical reaction; poor uniformity and bonding force



	PVD
	Physical method
	Promote the transfer of atoms from a solid or molten source to the substrate by physical methods to form a thin film.
	Uniformity and bonding; controllable thickness
	High cost; low deposition rate
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Table 2. Theoretical equilibrium domain states of PTFs.






Table 2. Theoretical equilibrium domain states of PTFs.





	Domain Structure
	Elastic Energy
	Theoretical Equilibrium State





	c-domain
	    U c   =  E  1 − ν    ε a 2  = 2  U 0   (  1 + ν  )    
	   φ < 0   



	a-domain
	    U a   =  1 2   E  1 − ν    (   ε a 2  +  ε c 2  + 2 ν  ε a   ε c   )  =  U 0   (  1 +  χ 2  − 2 ν χ  )    
	None



	a/c-domain
	    U  a c   =  1 2   E  1 −  ν 2       (   ε a  −  ε c   )   2  =  U 0     (  1 + χ  )   2        
	   0 < φ <  1  2 +   2 − 2 ν       



	a1/a2-domain
	    U  a a   =  E  1 + ν      (   ε a  −  ε c   )   2  = 2  U 0     (  1 + χ  )   2   (  1 − ν  )    
	   φ >  1  2 +   2 − 2 ν       
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