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Abstract: Recent years, the polarization response of ferroelectrics has been entirely studied. However, it is found that the polarization may disappear gradually with the continually applied of electric field. In this paper, taking K0.48Na0.52NbO3(KNN) as an example, it was demonstrated that the residual polarization began to decrease when the electric field frequency increased to a certain extent using a phase-field methods. The results showed that the content of out-of-plane domains increased first and then decreased with the increase of applied electric field frequency, the maximum polarization disappeared at high frequencies, and the hysteresis loop became elliptical. In order to further study the abnormal changes of hysteresis loops of ferroelectrics under high electric field frequency, we analyzed the hysteresis loop and dielectric response of solid solution 0.1SrTiO3-0.9K0.48Na0.52NbO3. It was found that the doped hysteresis loop maintained its shape at higher frequency and the dielectric constant increased. This kind of doping has a higher field frequency adaptability, which has a key guiding role in improving the dielectric properties of ferroelectric thin films and expanding the frequency application range of ferroelectric nano memory.
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1  Introduction

Adjusting the domain structure of ferroelectric thin films by varying the electric field frequency holds significant research implications for nano-electronics applications [1,2], including non-volatile memory [3], energy-related devices [4,5], and sensors [6]. Research has demonstrated that the electric field frequency influences the magnitude of the coercive field and the residual polarization [7–9]. Su et al. [10] showed that the frequency-dependent changes in the hysteresis loops of ferroelectric materials result from the direct competition between the velocity of polarization evolution and the velocity of the external load, observing elliptic hysteresis loops at high frequencies. Zhou et al. [11] also found that the residual polarization increases with frequency within a certain range until reaching a critical value. Zhang et al.’s [12] research indicated that domain structures exhibit higher sensitivity to epitaxial strain at low electric field frequencies, while the polarization vector faces difficulty in achieving a 180° switch at high frequencies due to the rapid alternation of the electric field. These studies collectively demonstrate that the electric field frequency dependence of ferroelectric thin films significantly impacts the domain structure, and the polarization response to the field frequency in most ferroelectric thin films exhibits a critical value. Doping may serve as an effective method to overcome this critical frequency [13].

Studies have shown that when the components of ferroelectric solid solutions vary within a certain range, the dielectric constant is related to the frequency, which also impacts the characteristic parameters of ferroelectric thin films [14]. In other words, chemical modification can affect the residual polarization and coercive force field of thin films [15]. Qi et al. [16] obtained ferroelectric materials with excellent comprehensive properties by using NaNbO3 doping to refine grains in BiFeO3-based solid solutions, demonstrating a similarity to the influence of frequency [17]. Therefore, composition changes may affect polarization at different frequencies [18]. K0.48Na0.52NbO3 (KNN) is a solid solution of the antiferroelectric NaNbO3 and ferroelectric KNbO3 [19], which has the potential for high residual polarization [20] and low coercive field, and exhibits good dielectric, electro-mechanical, and piezoelectric properties [21]. Additionally, KNN demonstrates significant polarization changes in the presence of an external electric field [22], and the introduction of SrTiO3 (STO) may enhance the relaxation behavior of KNN.

This study employs the phase-field method to simulate the domain structure of potassium sodium niobate (KNN) thin films under varying electric field frequencies. The results reveal a non-linear relationship between the out-of-plane domain and frequency, with the domain initially increasing and subsequently decreasing as the frequency changes. Based on these findings, the authors propose a method of doping strontium titanate (STO) to enhance the frequency adaptability of the electric field. The formation of a paraelectric-ferroelectric-antiferroelectric solid solution effectively overcomes the limitations of the original frequency stability while simultaneously improving the dielectric constant. This research provides valuable insights into optimizing the dielectric properties of ferroelectric materials and expanding their applicable frequency range in nano-ferroelectric devices.

2  Method

The phase-field method has emerged as a prominent computational approach for predicting the evolution of nano and mesoscopic microstructures and properties during materials processes [23–26]. It is a computational technique that can calculate, simulate, and predict the spatiotemporal evolution of material microstructure [27–29]. In ferroelectric thin films, the results of domain and domain wall motion can be expressed by polarization [30–32]; thus, the polarization vector P=(P1,P2,P3) is selected as the order parameter. The evolution of spontaneous polarization of ferroelectric thin films over time can be obtained by solving the time-dependent Ginzburg-Landau (TDGL) equation [33].

∂Pi(r,t)∂t=−L∂F∂Pi(r,t)(1)

where r is the spatial coordinate, t denotes time, L represents the dynamic coefficient, Pi(r,t) signifies the polarization component at a certain time and position, and F corresponds to the total free energy, which can be expressed as follows:

F=∫VfLand(Pi)+felec(Pi,Ei)+fgrad(Pi,j)+felas(Pi,εij)dV(2)

In this expression, fLand, felec, fgrad and felas represent the Landau energy density, electric field energy density, gradient energy density and elastic energy density, respectively. Additionally, εij and Ei denote the components of elastic strain and electric field strength in a specific direction, respectively.

Landau energy is commonly employed to characterize the inherent thermodynamic transformation of a material during a phase transition [34–36]. In the vicinity of the phase transition point, the system’s free energy is reduced, and the free energy density can be expanded in the parent phase by applying Landau’s theory of second-order phase transitions.

fLand=α1(P12+P22+P32)+α11(P14+P24+P34)+α12(P12P22+P22P32+P12P32)+α123P12P22P32+α111(P16+P26+P36)+α112(P12(P24+P34)+P22(P14+P34)+P32(P14+P24))+α1111(P18+P28+P38)+α1112(P16(P22+P32)+P26(P12+P32)+P36(P12+P22))+α1122(P14P24+P24P34+P14P34)+α1123(P14P22P32+P24P32P12+P14P32P22)(3)

The Landau energy coefficient α1 exhibits a direct relationship with temperature.

The elastic energy density can be expressed as an integral of stress and strain,

felas=∫σijdekl=12cijkleijekl(4)

where cijkl represents the elastic stiffness tensor, σij represents the elastic stress, eij and ekl represent the elastic strain.

The electrostatic energy density can be expressed as the integral of the electric field and the electric displacement,

felec=−∫EidDi(5)

In this formula, Di=ε0εrEj+Pi. Ei and Di represent the electric field component and the electric displacement component in the direction i, respectively.

The expression for the gradient energy can be written as follows:

fgrad=12GijklPijPkl(6)

where Pij=∂Pi∂xi, and Gijkl is the gradient energy.

In this work, all simulations are performed at 128Δx×128Δy×32Δz discrete grid points, where the actual size Δx=Δy=Δz=1nm. The thickness of the substrate layer, film layer, and air layer is 10, 20, and 12 nm, respectively. Thicker films exhibit partial relaxation due to mismatch dislocation, which reduces their crystallinity [36]. Considering that material applications generally occur at room temperature, the simulated temperature is set at 298 K. At this temperature, KNN (Potassium Sodium Niobate) thin films possess multi-phase coexisting structures. In this article, frequency is represented by the reciprocal of the time step required for one cycle to simulate the current hysteresis loop (step−1). The time step, a dimensionless quantity, represents the time required for each forward step in the simulation. It is used to discretize the continuous time axis for numerical calculation. The short-circuit boundary condition is employed to eliminate the influence of surface charge and avoid interference from external charge. The relative dielectric constant is set to 45. The KNN parameters used in this simulation were adopted from Reference [22], while the STO (Strontium Titanate) parameters were obtained from Reference [37]. The simulation is calculated using energy-driven dynamic evolution equations [38], with data derived from experiments or first-principles calculations [39,40]. This work is part of EasyPhase, a phase field software package independently developed by Professor Zhao Yuhong’s research group. The ferroelectric phase field module within the software package is utilized. The simulation model and results are incorporated into the EasyPhase software package [41–44].

3  Simulation Results and Analysis

3.1 Evolution of Domain Structure at Different Frequencies

Fig. 1 illustrates the domain direction, where the R phase represents a rhomboid phase with its domain direction pointing out of the plane, the O phase is an orthogonal phase with its domain structure pointing in the plane, and the T phase is a tetragonal phase. The stable domain structure of KNN thin films at various frequencies is depicted in Fig. 2, with different colored areas indicating distinct electrical domains. The specific domain types are denoted on the right. Under a constant applied electric field, the domain structure remains stable without evolution. It is evident that eight types of domains are involved in the switching process, exhibiting a periodic change. Below a frequency of 0.001 step−1, the in-plane domain gradually decreases with increasing frequency, while the opposite trend is observed above this frequency. Fig. 3 presents the polarization vectors at different frequencies, where the direction of the in-plane vector remains nearly constant, and the change in the polarization vector solely involves the variation of the Z-axis polarization component as the electric field frequency increases. Additionally, numerous small-angle domain walls are observed at frequencies below 0.001 step−1, potentially resulting from the brief driving time of electrostatic energy. Similar domain phenomena occur at high frequencies. Before the critical frequency, the in-plane O domain content decreases with increasing frequency, while the out-of-plane R domain content increases. The O domain comprises O1+, O1−, O2+, and O2− domains, with the corresponding R phase domains being R1+, R3+, R4+, and R2+, respectively. Notably, the variation of these eight domains solely involves the Z-axis polarization component, aligning with the observed changes in the polarization vector diagram. The domain evolution process at high frequencies is the inverse of that at low frequencies. Although the types of domains involved remain consistent, the out-of-plane domain content decreases while the in-plane domain content increases, as shown in Fig. 4. Before a frequency of 0.01 step−1, the content of T1+, T1−, T2+, T2−, and other domains increases with rising frequency, potentially due to the gradual transformation of the out-of-plane component of the R domain to the in-plane component, resulting in a decrease in the Z-axis component. Above a frequency of 0.02 step−1, the Z-axis component increases due to the reduction of the O domain content, leading to an increase in the out-of-plane component of the R domain. Consequently, the content of the T3+ domain, which is a Z-axis component, also increases.
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Figure 1: Schematic diagram of different electric domain orientations (a) Axis; polarization component of the (b) T domain (c) R domain (d) Partial O domain
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Figure 2: Domain structure of K0.48Na0.52NbO3 thin films in stable state at different frequencies (a) 0.0002 step−1 (b) 0.0005 step−1 (c) 0.001 step−1 (d) 0.0025 step−1 (e) 0.004 step−1 and (f) 0.025 step−1
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Figure 3:  The Polarization vector diagram of K0.48Na0.52NbO3 films is at different frequencies (a) 0.0002 step−1 (b) 0.0005 step−1 (c) 0.001 step−1 (d) 0.0025 step−1 (e) 0.004 step−1 and (f) 0.025 step−1
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Figure 4: The domain content of KNN thin films changes at different frequencies (a) Variation of R domain content (b) Variation of O domain content (c) Variation of T domain content

In the hysteresis loops of KNN thin films at different frequencies, it is observed that as the frequency increases, the coercive field approaches the applied electric amplitude, as depicted in Fig. 5. The hysteresis loops maintain their normal shape with the frequency change in Fig. 6a–c, while the residual polarization and coercive electric field increase with the rise in frequency, as presented in Table 1. Generally, when the external electric field is applied to the maximum value, the polarization also reaches its peak value, Pmax. However, starting from Fig. 6d, the maximum polarization value appears at a point lower than the amplitude of the electric field, and subsequently, the polarization decreases with the increase in the applied electric field. When the electric field frequency surpasses a critical value, the maximum polarization disappears, and the shape of the hysteresis loop gradually transforms into an abnormal elliptical form. As the electric field is gradually unloaded, the polarization increases with the decrease in the electric field, reaching its maximum value at the point of residual polarization. With the increase in the reverse electric field, the coercive field approaches the maximum electric field [45], as illustrated in Fig. 6e. The emergence of the “banana” hysteresis loop may be attributed to a change in the polarization order within the film when the frequency is altered, leading to partial cancellation and resulting in this loss of hysteresis loop. This phenomenon indicates a significant alteration in the material’s properties, rendering it unsuitable for most applications of ferroelectric thin films.
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Figure 5: Changes in residual polarization and coercive field of KNN with frequency variation
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Figure 6: Hysteresis loop of KNN thin film (a) 0.0002 step−1 (b) 0.0005 step−1 (c) 0.001 step−1 (d) 0.0025 step−1 (e) 0.004 step−1 and (f) 0.025 step−1
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3.2 Influence of Frequency of Composition Change on Hysteresis Loops and Dielectric Constants

To further investigate ferroelectrics’ polarization response effects under high electric field frequencies, we introduce a paraelectric phase, STO, to the KNN system. The introduction of a paraelectric phase may decrease residual polarization and coercive electric field. Additionally, STO may disrupt long-range ordered ferroelectric dipoles, increase domain wall quantity, and enhance the film’s relaxation properties [46]. Experiments have demonstrated that when x = 0.1, the solid solution of (1-x) KNN-xSTO exhibits significant relaxation behavior [14], which may improve frequency stability. Consequently, the components used in the simulation are 0.9K0.48Na0.52NbO3-0.1SrTiO3. Table 1 presents the residual polarization Pr and coercive force Ec corresponding to pure KNN thin films. The Pr and Ec of doped solid solution thin films near the frequency of 0.001 are significantly smaller than those of pure KNN thin films. When the frequency is 0.0025 step−1 and the stable domain structure has evolved, the hysteresis loop of the solid solution thin films does not change significantly, as shown in Fig. 7d. If the field frequency does not exceed this value, the R domain content continues to increase, and the change in residual polarization in the hysteresis loop when the R domain content reaches its maximum does not differ significantly from pure KNN, as shown in Fig. 7a–c. The difference is that the hysteresis loop will not exhibit a shape similar to that in Fig. 6d until the electric field frequency surpasses 0.004 step−1, as shown in Fig. 7e–f. This phenomenon indicates that the introduction of paraelectric STO can effectively delay the formation of an elliptic hysteresis loop. Table 1 reveals that before this frequency, the residual polarization and coercive field of the solid solution material are smaller than those of KNN at the same frequency, improving the material’s performance to some extent. The disparate polarization switching processes of these two components at the same frequency may result from grain refinement. The ionic radii of Sr and Ti ions are 0.144 nm and 0.061 nm, respectively, which are smaller than those of K ions (0.164 nm) and Nb ions (0.064 nm), causing lattice distortion [14]. Moreover, comparing the domain structures of the two different components at the same frequency, as shown in Fig. 8, reveals that the content of domains with equal (1,0,0) orientation is significantly reduced in the STO-doped material due to the charge difference between A and B ions in the perovskite material.
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Figure 7: KNN-STO hysteresis loops at different frequencies (a) 0.0002 step−1 (b) 0.0005 step−1 (c) 0.001 step−1 (d) 0.0025 step−1 (e) 0.004 step−1 and (f) 0.025 step−1
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Figure 8: Real-time domain switching behavior at 0.025 step−1: KNN (a) Pmax (b) Pr (c) Ec and 0.9KNN-0.1STO (d) Pmax (e) Pr (f) Ec

4  Discussion

4.1 Domain Changes at Different Frequencies

During the polarization switching process induced by frequency variation, the domain initially tends to switch in the direction of the applied electric field upon its application. As the electric field is removed, the domain gradually switches toward the in-plane orientation. In this reversal process, the electrostatic energy serves as the primary driving force, as illustrated in Fig. 9. It is evident that the energy changes exhibit distinct patterns at the lowest and highest frequencies. At the lowest frequency, the three energy components increase numerically with the increase of the applied electric field, with the electrostatic energy exhibiting the most significant change, indicating its role as the main driving force of domain switching. The electrostatic energy is closely correlated with the applied electric field, resulting in its value following a trend consistent with the applied electric field. At the maximum frequency, the values of elastic energy and Landau energy remain nearly constant, while the electrostatic energy displays a parabolic trend. In this case, the main driving force of domain switching remains the electrostatic energy. However, due to the short duration of electric field application under the high-frequency condition, the electrostatic energy in the high-frequency electric field is considerably smaller compared to that in the low-frequency electric field.

[image: images]

Figure 9: Changes of elastic, electrostatic and landau energies at (a) 0.002 step−1 and (b) 0.025 step−1 frequencies

Lower electrostatic energy corresponds to a shorter polarization reversal process, with polarization reversal beginning to recover to its initial state after a brief period. Consequently, the polarization intensity caused by domain switching consistently fluctuates around the applied electric field, as illustrated in Fig. 10. Under low-frequency electric fields, polarization can be completely switched. At 0.001 step−1, the switching time becomes relatively prolonged. In contrast, under high-frequency electric fields, the extent of domain switching is minimal and fails to match the rate of change in the applied electric field. As a result, the Z-axis polarization component of the domain diminishes under high-frequency electric fields, leading to the formation of only a few R domains. This indicates that the content of in-plane domains at residual polarization is substantial.
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Figure 10: Real-time relationship between polarization switch and applied electric field at frequency of (a) 0.0002 step−1 (b) 0.001 step−1 (c) 0.025 step−1

4.2 Composition Changes Improve Dielectric Properties of Thin Films

Altering the material composition enhances the film’s frequency stability range, as doping or substitution modifies the material’s microstructure. The addition of STO may disrupt the long-range ordered ferroelectric dipoles in the KNN-STO solid solution, and the radii of Sr2+ and Ti4+ ions are relatively small. Lattice distortion caused by substituting K+ and Nb5+ ions in KNN may reduce the film’s stability, influencing the material’s phase transition [47]. Differences in ionic radii may also induce oxygen vacancies in the lattice, resulting in relaxation behaviors and broadening the film’s frequency application range. Fig. 11 illustrates that the material’s dielectric constant decreases gradually with increasing frequency, potentially due to the rapid change in electric field direction at high frequencies, whereby the charge lacks sufficient time to respond to the applied electric field changes. At room temperature, in conjunction with the phase diagram, it is evident that domains with the three polarization components (P1, P2, P3) exhibit relative stability in KNN thin films without mismatch strain. Fig. 4 demonstrates that the content of domains with the Z-axis component initially decreases and subsequently increases with increasing frequency, exhibiting a minimum value of around 0.01 step−1. The film’s stability is compromised near this frequency. Solid solution doping delays the occurrence of the component’s minimum frequency, thereby enhancing the film’s stability.
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Figure 11: Changes of dielectric constants of KNN and 0.9KNN-0.1STO thin film

5  Conclusion

In this paper, the variation of hysteresis loops under different electric field frequencies was studied through the phase field method. By analyzing the domain content, the difference in the switching mechanism of the KNN domain under different frequencies was clarified. At the residual polarization at lower frequencies, the O-domain content in the plane decreases with the increase of frequency, and the material belongs to the normal application range. When the frequency is greater than 0.001 step−1, the polarization switch is inhibited, and the domain content changes little during the loading field to the unloading field, which makes that the maximum polarization disappears and the residual polarization content decreases, which is very bad for the application of ferroelectric thin films. Based on this, it is proposed to mix STO and KNN in a ratio of 1:9. The addition of STO decreases the domain content of the solid solution (1,0,0) polarization orientation, and increases the domain content in the plane, indicating that the application frequency range of ferroelectric thin films can be expanded by chemical substitution method. Moreover, doping reduces the residual polarization and improves the dielectric properties of the thin films, which provides important guidance for the further expansion of ferroelectric applications.
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Table 1: Residual polarization P, and coercive field E, of KNN and 0.9KNN-0.1STO

Frequency KNN 0.9KNN-0.1STO

P, E. P, E.
0.0002 0.0787 0.20 0.0246 0.08
0.0005 0.0981 0.36 0.0435 0.18
0.001 0.1366 0.96 0.0910 0.60
0.0025 0.1500 1.28 0.1072 0.83
0.004 0.1100 1.84 0.1188 1.44

0.025 0.0606 1.80 0.0613 1.80
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