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Abstract

:

Nowadays, heat dissipation in electronic devices is one of the serious issues to be resolved in energy and environmental terms. Piezoelectric materials are being utilized in many electronic devices, yet the roadblock toward further miniaturization of piezoelectric devices was identified as heat dissipation. Three types of losses (dielectric, elastic, and piezoelectric) are known to be related to the heat dissipation mechanism of piezoelectric materials, therefore obtaining accurate values of the loss factors is essential for minimizing the heat dissipation of piezoelectric devices. The purpose of this review is to introduce several loss determination techniques for piezoelectric materials. The review starts with brief discussions of the loss factors and of the importance of piezoelectric loss that is related to the antiresonance frequency. Then, the review covers the methods developed by our research group, including High Power Piezoelectric Characterization Systems (HiPoCSTM), the crystallographic orientation method and the partial electrode method, as well as other methods such as the pulse-echo method and computer-based approaches. The review continues with a discussion of piezoelectric device modeling (analytical solution and equivalent circuits) that considers loss factors. Finally, the review provides concluding remarks for addressing current issues and suggesting possible solutions.
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1. Introduction


As electronic devices become increasingly ubiquitous in modern society, concerns over their energy consumption and impact on the environment have significantly grown. One way to deal with this issue is to increase the energy efficiency of such devices by minimizing heat dissipation, which is related to power losses during device operation. The heat dissipation also increases the temperature of the electronic devices, resulting in a degradation of the device performance when the material properties for specific applications have negative impacts under temperature rise. Therefore, in order to reduce the amount of heat dissipated, researchers and engineers are making enormous efforts to design novel device structures or to modify and develop new materials to be used for the devices.



Many electronic devices consist of piezoelectric sub-devices or compartments, such as ultrasonic motors that are used for cameras in smartphones, piezoelectric voltage transformers, and various types of actuators and sensors in automobile industry. Piezoelectricity refers to a linear conversion between electrical and mechanical energy, and mainly consists of two types of effects: direct and converse. Direct refers to the ability of piezoelectric materials to generate electrical charges under mechanical stress, while converse effect is the ability to deform mechanically under an applied electric field. Piezoelectric compartments are known to be superior to conventional electromagnetic compartments, because they can provide a higher volume power density (power per unit volume) on a micro scale (less than 1 cm3) [1]. However, the bottleneck of piezoelectric devices is known to be heat dissipation, which hinders further miniaturization of piezoelectric compartments due to energy loss. Therefore, to make further progress in achieving high power density, it is crucial to reduce the heat dissipation of piezoelectric materials and understand the heat generation mechanism.



The heat dissipation of piezoelectric materials is known to be closely related to the “loss factors” of piezoelectric materials, which are usually represented as imaginary parts of complex coefficients of piezoelectric-related parameters and can be written as [2,3,4]:


    ε   X *   =   ε   X   ( 1 − j   tan  ⁡    δ   ′   )    



(1)






    s   E *   =   s   E   ( 1 − j   tan  ⁡    ϕ   ′   )    



(2)






    d   *   = d ( 1 − j   tan  ⁡    θ   ′   )    



(3)






    κ   x *   =   κ   x   ( 1 + j   tan  ⁡  δ )    



(4)






    c   D *   =   c   D   ( 1 + j   tan  ⁡  ϕ )    



(5)






    h   *   = h ( 1 + j   tan  ⁡  θ )    



(6)




where     ε   X     is relative dielectric permittivity under constant stress (  X  ) condition,     s   E     is elastic compliance under a constant electric field (  E  ) condition,   d   is piezoelectric constant,     κ   x     is relative inverse dielectric permittivity in constant strain (  x  ) condition,     c   D     is elastic stiffness under constant dielectric displacement (  D  ) condition, and   h   is inverse piezoelectric constant. Here, superscript star (  *  ) means complex notation and   j   is imaginary notation. The complex coefficients are divided into physical parameters (real part) and losses (imaginary parts), respectively. By the constitutive relationship of piezoelectric parameters, each type of the complex form of materials constants is classified into two, depending on the boundary conditions based on intensive and extensive quantities [5,6]. According to The International Union of Pure and Applied Chemistry (IUPAC) [7], intensive quantities are those that are independent of the size of the system (such as X and E), whereas extensive quantities are those that are dependent of the size (such as x and D). When the complex materials constants have a “constant intensive quantity” condition, they are called “intensive-type” (I-type), whereas they are called “extensive-type”(E-type) when they have a “constant extensive quantity” condition [8]. Such a distinction is essential for defining the energy conversion of piezoelectricity. For instance, the ratio of two types of elastic compliance determines the electromechanical coupling factor (    s   D   /   s   E   = 1 −   k   2    ). The notation is different from what our group has called the materials constants [1,9,10,11,12,13] (i.e., extensive and intensive parameters, intensive and extensive loss factors) since it can be misleading in that the words “extensive parameters” or “extensive loss” may be interpreted as these constants being volume-dependent which they are not. Similarly, the loss factors are divided into I-type and E-type. The I-type losses (primed), in general, have negative signs in the notation, so that they may have the positive sign when they are experimentally determined. However, the sign of E-type (non-primed) losses may also maintain a positive sign, considering the normal response of the extensive quantities (polarization, strain) to the intensive quantities (electric field, stress). For instance, a negative E-type piezoelectric loss was previously reported by our group [14].



The determination of loss factors is essential, in a way that I-type loss factors can be used as input parameters for computer simulations, such as in the finite element method (FEM) [15,16] which can efficiently test the performance of piezoelectric devices, whereas E-type loss factors are known to be related to the heat generation mechanism of piezoelectric materials [12,13]. Therefore, in order to further miniaturize piezoelectric devices while maintaining power density, it is essential to obtain accurate values of the loss factors. In particular, recent discoveries by our group show that piezoelectric losses are key factors for reducing heat generation in lead zirconate titanate(PZT)-based piezoelectric resonators with antiresonance operation [3].



The purpose of this paper is to review the determination methodologies of the loss factors of piezoelectric materials. Firstly, it describes the historical background of the measurement methods for the determination of piezoelectric-related coefficients, and then explains the role of piezoelectric loss factors in diminishing the heat generation of piezoelectric resonators. Secondly, it reviews several experimental methods to determine piezoelectric coefficients, along with our group’s contributions to the field of loss factor determination. Finally, it provides concluding remarks regarding the current issues to be resolved and provides suggestions for future works.




2. Brief History of Development of Piezoelectric Measurement


Ever since the Curie brothers, Jacques and Pierre, formulated the direct piezoelectric effect in 1880 [17], numerous attempts to measure piezoelectric-related (dielectric, elastic, and piezoelectric) parameters have been suggested. Very early attempts were made by several researchers including Mason, Jaffe, Cady, and Berlincourt, such as static and dynamic measurement of piezoelectric crystals and ceramics, including Rochelle salts piezoelectric resonators [18,19], barium titanate (BaTiO3) single crystals [20], and polycrystalline PZT [21]. Additionally, several researchers including Van Dyke [22,23], Baerwald [24,25], Martin [26], and Marx [27] had made significant contributions to piezoelectric measurements in the early stages. In parallel, the standardized measurement method had been provided [28] and was constantly updated by the members of The Institute of Radio Engineers (IRE), which later became the Institute of Electrical and Electronics Engineers (IEEE) in 1963 [29]. The first standards were established by the IRE as “Standards on Piezoelectric Crystals” in 1949, and they covered crystallographic symmetry and how to deal with the anisotropic coefficients of piezoelectric single crystals [28], augmentations and revisions including the definitions and measurement method of piezoelectric vibrators, the determination of elastic, piezoelectric, and dielectric constants, electromechanical coupling factors [30], and measurements of piezoelectric ceramics [31]. The standard for the equations and analysis of piezoelectric vibrations [32] were made until the latest version of the “IEEE Standard on Piezoelectricity” was published in 1988 [33]. In parallel, several other organizations (in Europe [34,35,36] and Japan [37]) produced standards on piezoelectricity.



Researchers started paying attention to the determination of complex coefficients of piezoelectric materials, since the imaginary parameters (loss factors) are closely related to the mechanical quality factor (    Q   m    ) and the domain wall dynamics that are governing factors for the performance of piezoelectric resonators and devices [38,39]. While the standards provided by the IEEE have not paid attention to loss factors so significantly, many researchers have suggested determination methods for the loss factors of piezoelectric materials. Holland et al. suggested the determination of imaginary parameters (phase information) with the gain-bandwidth method by utilizing admittance and impedance loci based on Mittag-Leffler’s theorem [40]. The study noted the independence of piezoelectric loss factors, meaning that piezoelectric losses are independent of dielectric and elastic coefficients at least to the first order approximation; in the following year, Holland demonstrated the measurement of piezoelectric loss in niobium (Nb)-doped PZT ceramics using admittance measurement and mathematical approximation [41]. In later years, Smit proposed an iterative method to determine the real and imaginary parameters of the transverse vibrational mode piezoelectric ceramic plate [42]. The study pointed out that the new method proposed has a great accuracy for the determination of complex parameters, regardless of the high and low     Q   m     piezoelectric resonators, whereas both the IRE standard, and the method proposed by Holland et al. [40], were not accurate. Using the same method, Smit determined the complex elastic, dielectric, and piezoelectric constants of ferroelectric PLZT (Lanthanum doped PZT) [43]. In the following years, several methods to determine complex dielectric, elastic, and piezoelectric coefficients with more accuracy were proposed. For instance, Sherrit et al. reported complex coefficients of piezoelectric resonators, including a non-iterative method to determine the complex coefficients of the thickness of the vibrational mode piezoelectric resonator [44] and radial mode resonator [45]. The accuracy of the method was found to be comparable with Smits’ [42] iterative method. Furthermore, Du et al. proposed a method that utilizes the admittance of piezoelectric vibrators normalized with respect to the angular frequency (ω) and showed that the method is applicable regardless of whether the sample has a high or low     Q   m     by measuring and analyzing     k   31     vibration mode specimens composed of hard (PZT8) and soft PZTs (PZT5H) [46]. Other developed methods to obtain the complex coefficients of piezoelectric materials were proposed: for example, the method suggested by Xu et al. [47], which was similar to that proposed by Smits and Ohigashi [48], that considered elastic and dielectric as complex but piezoelectric as real, and the nonlinear regression method proposed by Kwok et al. [49]. A software named Piezoelectric Resonance Analysis Program (PRAP) was even invented by TASI Technical Software (Kingston, ON, Canada) [50].




3. Role of Piezoelectric Loss Factors in Admittance Spectra


The latest standard on piezoelectricity by the IEEE was developed in 1988 [33]. Though it had been developed and revised by many experts on piezoelectric resonators, the standard has serious issues. Figure 1a shows the equivalent circuit (EC) model of piezoelectric resonator proposed by the IEEE Standard. The static dielectric properties are described by damped capacitance (C0), whereas resonance behaviors are described by the motional branch that includes motional capacitance (C1), inductance (L1), and resistance (R1). One issue arises from the fact that the     Q   m     of both resonance and antiresonance described by the EC are identical and determined by     Q   m     = (L1/C1)1/2/R1; in fact, several studies showed that the     Q   m     at resonance frequency (    Q   A    ) is smaller than that at antiresonance frequency (    Q   B    ) in lead-containing piezoelectric ceramics. For example, Uchino and Hirose [51] found that     Q   B     is larger than     Q   A     in PZT ceramics regardless of vibration velocity, as shown in Figure 1b. They linked their experimental results to the heat generation mechanism and proposed an antiresonance drive of piezoelectric resonators, since it provides a similar vibration level with less heat generation (less energy loss). Furthermore, Mezheritsky measured various piezoelectric resonators using a “weak resonance” method and showed the inequality in the relationship between     Q   A     and     Q   B     that is due to the imaginary piezoelectric coefficients [52]. In a separate paper, he also investigated the effect of three types of losses on resonance frequency displacement and recognized that these three contribute to the total power of the devices differently [53] and mentioned that piezoelectric loss contributes to less energy loss for the operation of a piezoelectric transformer.



Motivated by the discovery of discrepancies between     Q   A     and     Q   B    , our research group focused on the derivation of admittance equations for various vibration modes. Zhuang derived the analytical expressions of     Q   A     and     Q   B     for various piezoelectric resonators including     k   31     (transverse),     k   33     (longitudinal),     k   p     (radial),     k   t     (thickness), and     k   15     (shear) mode vibrators [4,54,55]. To simply show the discrepancies between     Q   A     and     Q   B    , the equation for     Q   A     and     Q   B     of     k   31     mode is shown here [56]:


    1     Q   B     =   1     Q   A     −   1   1 +       1     k   31     −   k   31       2     Ω   B   2       2   tan  ⁡    θ   31   ′     −   tan  ⁡    δ   33   ′     −   tan  ⁡    ϕ   11   ′        



(7)




where     k   31     is electromechanical coupling factor,     Ω   B     is normalized antiresonance angular frequency,     tan  ⁡    θ   31   ′       is I-type piezoelectric loss,     tan  ⁡    δ   33   ′       is I-type dielectric loss, and     tan  ⁡    ϕ   11   ′       is I-type elastic loss (for more detail, refer to Zhuang’s papers on the derivation of loss factors [4,54,55,56,57]). The term     2   tan  ⁡    θ   31   ′     −   tan  ⁡    δ   33   ′     −   tan  ⁡    ϕ   11   ′         on the right-hand side is defined as the electromechanical coupling loss, which is an imaginary term for     k   31   2    . From the equation above and the experimental results from Figure 1b, it can be deduced that piezoelectric loss in PZT ceramic is considerably larger compared to dielectric and elastic loss factors (  2   tan  ⁡    θ   31   ′     >   tan  ⁡    δ   33   ′     +   tan  ⁡    ϕ   11   ′      , meaning that the electromechanical coupling loss has a positive sign). Though several researchers do not consider there are strong discrepancies between     Q   A     and     Q   B     and use a single notation for mechanical quality factor notation (    Q   M    ) instead of distinguishing them [58,59,60,61,62], or do not believe there is such a “piezoelectric loss” [63], the predominant effect of     Q   B     and less temperature rise in PZT ceramics at antiresonance operation is well explained by piezoelectric loss.




4. Loss Measurement Techniques


4.1. High Power Characterization of Piezoelectric Materials


Piezoelectric materials are widely utilized in high-power applications, in which they are driven near resonance or antiresonance frequencies with strong electric fields. Therefore, the evaluation of the properties of materials in these conditions is essential and directly related to the performance of high-power piezoelectric devices. Our group mainly focused on modifying and developing two types of piezoelectric measurements under high-power conditions: the admittance/impedance spectrum method and burst/transient method. The admittance/impedance spectrum method is a well-known method, in which     Q   A     and     Q   B     are determined through resonance and antiresonance peaks and the half-power bandwidth from experimental admittance/impedance spectra with a 3 dB method or admittance/impedance loci [13], whereas the burst/transient method utilizes the transient response of the piezoelectric sample under resonance/antiresonance drive for a short period of time. In the following subsubsections, these two types of high-power measurement methods, mainly proposed by our research group, will be discussed. The readers may refer to the review [64] for more information regarding the method described in the next subsubsections.



4.1.1. Admittance/Impedance Measurement Method


The constant voltage method is a conventional and well-known method to measure the admittance/impedance curves of piezoelectric specimens. However, it typically employs a distortion of the resonance spectrum, often exhibiting large hysteresis or a jump of the peak depending on the rising or falling frequency driving, as shown in Figure 2a. Therefore, in order to avoid the issues caused by the constant voltage method, the constant current method was devised by our group (the issue can also be resolved by a recently developed method, which utilizes a phase-controlled force excitation driving method [65]). Another reason for utilizing the constant current method is that the vibration velocity in the vicinity of the resonance frequency is proportional to the current, not the voltage, so that the specimens can be driven under an almost constant vibration amplitude for precise measurements. As shown in Figure 2b, the admittance peaks show perfect symmetry, allowing for the precise determination of parameters. However, the constant current method cannot be adopted for antiresonance characterization since the admittance at antiresonance frequency is too low. Therefore, our research group previously suggested that resonance peaks can be measured with the constant current method, while the antiresonance peaks can be measured with the constant voltage method for the accurate determination of     Q   A     and     Q   B    .



Nevertheless, there exists a big ambiguity in simultaneously utilizing the constant voltage and current methods, in that the two different types of mechanical quality factors determined from two different measurement methods cannot be compared to each other, taking into account that these two methods give out different experimental errors. To simultaneously measure the resonance and antiresonance peaks precisely with one experimental setup, our group developed High-Power Piezoelectric Characterization Systems (HiPoCSTM) with the constant vibration velocity method [3], in addition to two aforementioned experimental setups (constant voltage and current), as shown in Figure 3. HiPoCSTM is a customized measurement system, analyzing voltage, current, vibration amplitudes, and phase by integrating several sensors with oscilloscopes. The key element of the system includes a function generator, an NF Corporation’s power amplifier (the amplifier model shown in Figure 3 has actually been discontinued) for high voltage application, resistors for voltage and current measurements, and a clamp-on AC sensor for current detection. In addition, the system is equipped with an infrared image sensor to monitor the temperature change (mainly due to heat generation under the high-power driving conditions) of the measured specimen. During the frequency sweeping process of the constant vibration velocity measurement, the current remains almost constant, and the voltage is minimized at the resonance frequency, while the voltage remains comparably constant, and the current is minimized at the antiresonance frequency. In addition, the constant input power method [66] was proposed and added to HiPoCSTM in order to calculate the mechanical quality factors in any frequency, not just near resonance or antiresonance frequencies.



All aforementioned methods in this subsubsection (constant voltage, current, and vibration velocity) only enable the determination of     Q   m     at either resonance or antiresonance frequency, but the real electric power measurement method allows for the determination of     Q   m     at any frequencies. The measurement procedure and theoretical models can be found in our group’s paper [66,67,68] as well as in Mezheritsky’s paper [53]. The     Q   m     at any frequency is defined in terms of the dissipated real electric power (    P   d    ), root mean square (RMS), and vibration velocity (    V   R M S    ), and can be written as:


    Q   m   = 2 π f   (   1   2   ) ρ   V   R M S   2       P   d   / L w b    



(8)




where   f   is frequency,   ρ   is mass density, and   L  ,   w  , and   b   are length, width, and thickness of the piezoelectric resonator, respectively. The interesting finding made by our research group through real electric power measurement was that     Q   m     is maximized (and at the same time, the power dissipated becomes minimum) between the resonance and antiresonance frequency, as shown in Figure 4. This may indicate that the best efficiency for the transducer’s operation can be achieved when the frequency is in between resonance and antiresonance. An exploration of the mechanism of the loss behavior of this phenomenon may be the next step.




4.1.2. Burst/Transient Mode Method


Irrespective of the methods, including constant voltage, current, and vibration velocity, so long as the frequency at which the measurement is made is near the resonance or antiresonance frequency under high power, the specimen may undergo a serious heat generation issue. The pulse drive method, developed by Sugiyama and Uchino in the 1980s [69], could avoid the issue. By applying a step of an electric field (pulse) to a piezoelectric specimen, the transient characteristics, especially a displacement decay (i.e., ringing) of the desired vibration mode, can be measured. Since it operates the specimen for only a short period (~ms), the vibration does not generate measurable heat.



Umeda et al. [70] developed the burst/transient drive method to overcome one of the disadvantages of the pulse drive method; the pulse drive method has a limited displacement or strain level due to its just one-time high-voltage application. The words “burst drive” here stand for the operating of the piezoelectric specimen near the resonance (or antiresonance) frequency for a short period of time, then suddenly shutting down the voltage application to observe the displacement ringing. After Umeda et al. developed the method to obtain the equivalent circuit parameters of piezoelectric transducers using the burst drive method, it was adopted by several researchers to obtain the parameters for piezoelectric specimens [71,72,73].



In addition, our research group extended the burst/transient drive method by suggesting that the method operate with open- and short-circuit conditions, and by modifying HiPoCSTM with additional blocking circuit, so that the antiresonance characteristics can also be observed [74]. Figure 5 shows the measurement results of the burst drive method under open- and short-circuit conditions. Under short-circuit conditions, the current and the vibration velocity exhibit a proportional relationship with     Q   A     and are determined by the exponential decay rate. On the other hand, under open-circuit conditions, the voltage and the displacement are proportional, and the decay rate gives     Q   B    . One thing to note in the upper right plot of Figure 5 is that there exists a sudden jump in the voltage from resonance to antiresonance, due to an abrupt transition to open-circuit conditions from the initial resonance excitation.





4.2. Crystallographic Orientation Method


It is not only the IEEE standard’s absence of distinction between     Q   A     and     Q   B     that has been the issue; there have also been other issues. One such issue arises from the intrinsic structural constraint of the length extensional mode (    k   33     mode). The small capacitance issue arises from measuring electrical admittance (or impedance) at electrodes that are separated by a length of a specimen; the small capacitance causes electrical noise that prevents the accurate determination of extensive-type elastic compliance (    s   33   D    ) and the corresponding loss (    tan  ⁡    ϕ   33   ‴      ). This issue is especially detrimental to the     k   33     mode, since these elastic parameters are determined from the antiresonance frequency, which is the minimum admittance point, and the measurement at this point will be the most heavily disturbed. The problem becomes more serious when intensive-type elastic compliance (    s   33   E    ) and loss (    tan  ⁡    ϕ   33   ′      ) are to be determined, because they can only be determined indirectly (by using an equational relationship) and the reliability of the intensive-type parameters will diminish further due to the additional error propagation. Considering that intensive-type parameters are important factors as input parameters used in finite element method (FEM) simulations as means of testing piezoelectric devices without creating prototypes, it is important to resolve the issue.



The crystallographic orientation method, as shown in Figure 6a, is one method to reliably obtain     s   33   E     and     tan  ⁡    ϕ   33   ′      . The method utilizes an “effective”     k   31     type specimen with a sufficiently large capacitance and angled polarization (0 < γ < π/4). With the derived relationship between     s   33   E *     and     s   11   E *    , along with the polarization angle, our research group successfully measured     s   33   E     and     tan  ⁡    ϕ   33   ′       more accurately compared to the IEEE Standard method. The relative errors for     s   33   E     and     tan  ⁡    ϕ   33   ′       with the method proposed by IEEE standard is the following:


    ∆   s   33   E       s   33   E     =   ∆   s   33   D       s   33   D     + 2     ∆   k   33       k   33             k   33   2     1 −   k   33   2        



(9)






    ∆   tan  ⁡    ϕ   33   ′         tan  ⁡    ϕ   33   ′       = −   ∆   tan  ⁡    δ   33   ′         tan  ⁡    δ   33   ′       − 2     ∆   k   33       k   33             k   33   2     1 −   k   33   2        



(10)







From the equation, it can be noted that the sign of the relative errors for the real and imaginary parts of I-type elastic coefficients are different. Using the crystallographic orientation method, our group found that the IEEE standard underestimated     s   33   E    , whereas it overestimated     tan  ⁡    ϕ   33   ′      , as shown in Figure 6b.
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Figure 6. (a) Schemes for samples with polarization rotation for determination of angle dependence of complex elastic coefficients and (b) polarization angle dependence of elastic compliance (upper) and elastic loss (lower) determined from the samples with polarization rotation. Figure 6a,b were redrawn and originally from [75]. 






Figure 6. (a) Schemes for samples with polarization rotation for determination of angle dependence of complex elastic coefficients and (b) polarization angle dependence of elastic compliance (upper) and elastic loss (lower) determined from the samples with polarization rotation. Figure 6a,b were redrawn and originally from [75].



[image: Actuators 12 00213 g006]







The method was further extended and utilizes effective     k   31     and     k   33     modes with a canted polarization angle to obtain the anisotropic I- and E-type loss factors [76]. Additionally, the intensive-type shear mode piezoelectric loss     tan  ⁡    ϕ   15   ′       was obtained with effective     k   31   –   k   15     structure analysis [77], and the results of the electrical measurements are shown in Figure 7. Figure 7a,b shows the experimental admittance and impedance circles of the     k   31    –    k   15     piezoceramic specimen, respectively. The spurious peak issue caused by the measurement at high frequency regime (>MHz) was effectively avoided and the resonance frequency and quality factors were accurately determined.




4.3. Partial Electrode Method


Another method, named “partial electrode method”, was proposed by our research group [1,16,78,79] to resolve the aforementioned small capacitance issue in the     k   33     mode specimen of the IEEE standard, as shown in Figure 8. The sample configuration consists of a center part, which is measured and electrically excited, and a side part, which is mechanically excited by the center part. Since the measurement is made by the center part that has a considerably larger capacitance than the standard     k   33     mode specimen does, the small capacitance issue can be avoided. The specimen types are composed of a     k   31     non-electrode (NE), a     k   33     open circuit (OC), and a     k   33     side electrode (SE) depending on the existence of the electrode and side parts’ poling state. The idea is to measure the side parts’ elastic compliance and corresponding losses while maintaining the center parts as small (about 10%) compared to the side part. Not only does the partial electrode method resolve the small capacitance issues of the IEEE standard     k   33     mode specimen, it also enables the direct determination of both the intensive and extensive type elastic compliances and the corresponding losses of both the     k   31    - and     k   33    -type vibration.



The partial electrode method utilizes an analytically derived equation; the experimental admittance curves are fitted to analytical equations and the elastic compliance and losses of the side parts are determined. The admittance equation for all three types of partial electrode is given by [80]:


    Y   m , P E   = j w     2   d   31   * 2     v   11   E *     v   s   *     s   s   *     t   s   11   E *         s   s   *     v   s   *     t a n     a ω l     2 v   11   E *         −   v   11   E *     s   11   E *   t a n       1 − a   ω l   2   v   s   *           +   a l ω   ε   0     ε   33   X *     1 −   k   31   * 2       t      



(11)




where     k   31     is electromechanical coupling coefficient (    k   31   =         d   31   2    /  (   ε   0     ε   33   X     s   11   E   )    ),     d   31     is piezoelectric coefficient,     s   11   E     is intensive-type elastic compliance,     v   11   E     is sound velocity (    v   11   E   =   1  /  (   ρ s   11   E *   )    ),     ε   33   X     is intensive-type dielectric permittivity,   ω   is angular frequency,   a   is the portion of center electrode, which ranges from 0 (0%) to 1 (100%), and   l  ,   w  , and   t   are length, width, and thickness, respectively. The subscripted numbers and “  s  ” refer to the direction (1 is perpendicular and 3 is parallel to the direction of poling) and the side parts (  s   depends on the type of configuration. Refer to Figure 8). The superscripted stars mean that the parameters are complex and include loss factors. The first term inside the bracket is the motional admittance and the second term is the damped admittance of the partial electrode specimen. As can be seen from the equation, there are many other parameters in addition to side parts’ elastic parameters. To avoid errors caused by the multivariable fitting, the     k   31    -mode-related parameters (    d   31   *    ,     ε   33   X *    ,     s   11   E *    ) are determined from the standard     k   31     mode specimens and the only parameter to determine is the complex elastic parameter of the side parts, which is to be obtained.



The partial electrode method also enables the determination of the complex elastic coefficients of unpoled piezoelectric ceramics [81], by leaving the side parts unpoled. Unpoled piezoelectric ceramics, though they may be considered useless because they cannot be used as piezoelectric counterparts, can have technological importance; many state-of-the-art piezoelectric devices possess partially unpoled or completely unpoled regions caused by a nonuniform electric field due to multiple poling steps and complex electrode configurations. Therefore, it is necessary to accurately obtain the elastic parameters (“elastic parameter” was emphasized because the permittivity of unpoled samples can easily be measured) of unpoled piezoelectric ceramics to suitably design and optimize piezoelectric devices with desirable (anti-)resonance frequencies and corresponding mechanical quality factors. The complex elastic parameters of unpoled piezoelectric ceramics (hard and soft PZT) were successfully measured, and it was newly found that the values of both elastic compliance and elastic loss were not just the arithmetic mean of extensive-type (non-electrode) elastic parameters, but rather that they lie in between those of the intensive and extensive-type parameters. This is because the polarization in each domain is partially screened depending on the charge configuration, so that some domains possess a depolarization field whereas some do not. This important finding could boost the understanding of the physical phenomena related to piezoelectric devices with unpoled regions, as well as help in predicting the performance of devices with complex structures and nonuniform electric fields through simulations.




4.4. Computer-Based Approach


In recent years, computer-based approaches to determine the complex coefficients of piezoelectric materials have been spotlighted. For example, numerical simulations, such as the finite element method (FEM), are being utilized for this purpose [82]. These methods are in general very useful for designing various types of piezoelectric devices including ultrasound transducers, ultrasonic motors, voltage transformers, actuators, and so on [83,84,85,86,87,88,89]. They allow for the testing of the performance of piezoelectric devices, as well as help anticipate operation frequencies without even creating prototypes. In particular, ATILA FEM [90,91] and COMSOL Multiphysics [92,93] allow the simulation of piezoelectric devices in consideration of complex parameters.



Lahmer et al. [94] proposed an iterative method to determine the complex elastic, dielectric, and piezoelectric parameters of two types of piezoelectric materials using FEM. They simulated different types of vibrational modes including longitudinal, radial, thickness, and shear modes, and fitted FEM results to experimental admittance data. However, in some of their results, especially in those from the thickness and shear modes simulation sets, the agreements were poor due to spurious modes. Meanwhile, a similar approach was created by Perez et al. [95]; the authors used a finite-element-method-(FEM)-based approach to determine the complex coefficients of piezoelectric disks. The authors made an in-house FEM simulation code to test the feasibility of their proposed method. The method consists of two main error minimization processes: one is based on approximation based on a sensitive analysis algorithm, and the other involves a non-physical minimization algorithm such as the Nelder–Mead algorithm. By doing so, the authors obtained a high degree of match between the experimental and FEM results of the admittance and phase curves after full refinement and obtained the related complex coefficients.



More advanced strategies, such as machine-learning-based methods, are being developed to minimize human intervention. Del Castillo et al. [96] utilized neural networks to determine the real parameters of piezoelectric ceramics. By using the imaginary parameters from their previous works, they confirmed that a machine-learning approach can be utilized for piezoelectric parameter determination with high accuracy. However, the bottleneck of the method proposed was revealed as the need for the first approximation of a solution, so the method cannot be applied to new materials with unknown coefficients.




4.5. Ultrasound Pulse-Echo Method


The ultrasonic pulse-echo method, which measures the velocity and attenuation of the sound in media using a set of an ultrasonic transducer and a receiver (or using a single transceiver), has been utilized for a long time, since the 1940s or even earlier during World War II [97,98,99] (the uses of the ultrasonic pulse echo method during World War II were found in several reports from the Massachusetts Institute of Technology (MIT) and described in Huntington’s paper [97]). The simplified apparatus of the pulse-echo method is described in Figure 9a. The method consists of two parts: transmitting a short acoustic pulse through the specimen and receiving the transit time of the sound signal that is reflected back and forth within the specimen. The sound velocity is determined by the distance of the medium perpendicular to the propagation direction of the sound wave (t) divided by the pulse transit time (τ), and elastic loss is determined by the attenuation of the pulse amplitude, as shown in Figure 9b. This method is not only used for probing mechanical properties, but also allows the characterization of the mechanical defects of solids. In 1947, Huntington demonstrated the measurements of elastic constants of alkali halides and Rochelle salts single crystals [97] and noted that the sound attenuations on those single crystals were negligibly small. Eros and Reitz [100] measured the elastic constants of single crystal KCl and NaI, and noted that the transit time error can be as large as one vibrational period of the fundamental pulse frequency if the acoustic impedance of the probing material is the same as that of the transducer materials. Moreover, a number of studies have utilized the ultrasonic pulse-echo method to observe the temperature-dependence of the elastic properties of single crystals and alloys, including single crystal lithium [101], potassium iodides and chlorides [102], and magnesium alloys [103].



The pulse-echo method is suggested by the IEEE Standard on Piezoelectricity [33] as a means of determining the elastic constants of piezoelectric materials. The accuracy and sensitivity of the measurement can be up to 10−4 and 10−5, respectively, depending on the measurement technique. Although the method provides a high accuracy and sensitivity, it cannot stand alone for probing piezoelectricity, since additional electrical measurements are indispensable for characterizing the dielectric and piezoelectric properties; therefore, electrical resonance/antiresonance measurements are usually accompanied. Mudinepalli et al. [104] measured the temperature dependence of longitudinal elastic moduli and the corresponding internal friction (elastic loss) of Na0.5Bi0.5TiO3, which is a lead-free piezoelectric ceramic. They found that the temperature dependence of elastic loss showed anomalies. Jiang et al. [105] measured the frequency dependence of the attenuation coefficients of PZT, 0.72Pb(Mg2/3Nb1/3)O3–0.28 PbTiO3, and LiNbO3. They found that the domain-engineered 0.72Pb(Mg2/3Nb1/3)O3–0.28 PbTiO3 has a very low elastic attenuation and thus is promising for high-frequency ultrasonic transducer applications. Zhu et al. [106] suggested the ultrasonic pulse-echo method combined with resonance and damped capacitance measurements of the longitudinal piezoelectric bar to determine the materials constants of PZT-5A ceramics. Though measurements of loss were not considered, the work is meaningful in that it demonstrated the determination of all the piezoelectric-related materials constants using only six (five for the pulse-echo method and one longitudinal piezoelectric bar for resonance and capacitance measurement) samples.



Nevertheless, some disadvantages of the pulse-echo method do exist. If the impedance matching at the specimen joint is not good, some echo trains can be observed due to the multiple reflection of the sound wave at both ends of the specimen. Moreover, since the pulse-echo method is highly sensitive, a huge experimental error can occur if both ends of the specimen are not parallel enough.





5. Modeling Including Loss Factors


A number of studies dealt with the modeling of piezoelectric devices considering complex coefficients of piezoelectric materials. In particular, losses, which are imaginary parameters, are essential because they can reflect the heat dissipation of the device that is a crucial factor for the energy efficiency of such devices. Pulpan et al. [107] derived analytical models for a ring-dot-type piezoelectric transformer and compared the models to the experimental data. The model and the experimental data showed an almost perfect fit in the resonance frequency; however, the peak transformation ratio differed significantly. The authors attributed this difference to the fact that the electric fields are different in the input and output segments due to the divided electrodes. The discrepancy might also have happened due to the fact that the authors only included elastic loss factors in their models. Loyau et al. [108] derived analytical solutions including loss factors for the Rosen-type piezoelectric bar transformer and analyzed the heat dissipation, which is related to the imaginary parameters. The loss measurements were performed using calorimetric methods and confirmed the good agreement between the analytical solutions and the experimental data.



Many studies proposed equivalent circuit models for piezoelectric devices including three (dielectric, elastic, and piezoelectric) loss factors. Our research group, collaborating with researchers at Southeast University, proposed equivalent circuit models including loss factors for partial electrode configurations for the     k   31     mode [109]. The six-terminal equivalent circuit models were used to simulate the admittance spectrum of three types of partial electrode specimen: open circuit, short circuit, and non-electrode. Figure 10 shows the experimental admittance spectra (Figure 10a), along with those simulated with the proposed equivalent circuit models (Figure 10b) with a high degree of agreement. Dong et al. [110] proposed equivalent circuit models for piezoelectric ultrasonic motors including three types of losses. The authors of the study compared the models with and without the three types of losses and demonstrated that models with three types of losses fit much better to experimental data than the ones without loss factors. Yang et al. [111] proposed equivalent circuits for the coupled longitudinal–flexural vibration of a beam-type PZT-metal laminate structure including three types of losses. They compared the admittance curves generated from their models to the ones generated from the FEM also including the loss factors, and validated their models by showing the agreement of the models to the FEM results.



The FEM-based modeling of piezoelectric devices is also being considered by several researchers. Meurisse et al. [112] analyzed the temperature effects (from 20 °C to 300 °C) of the complex piezoelectric parameters of a simple ultrasonic transducer with admittance curves from both experiment and FEM results. Though some discrepancies happened between the experimental and FEM results, the authors found that the peak magnitude at the antiresonance frequency is affected by the piezoelectric loss factor. Joo et al. [113] used FEM to analyze temperature rise in a contour-mode piezoelectric transformer considering dielectric and elastic loss factors. Coupling the loss factors with heat transfer analysis, the authors performed FEM simulation and confirmed their results with experimental data and observed how complex coefficients vary under temperature change.




6. Concluding Remarks


In this review, we addressed the importance of the accurate determination of the loss factors of piezoelectric materials, specified researchers’ endeavors for the accurate determination of complex coefficients in a chronological manner, and provided measurement methods in detail, including our group’s contribution to the field of piezoelectric measurements, especially the loss determination method. Though many researchers have put massive efforts into accurately obtaining piezoelectric complex coefficients, there are still remaining issues that need to be resolved. The issues, and their possible solutions, are the following:




	
Though various measuring techniques—including our group’s works—have been developed to resolve the issues and/or to obtain more accurate loss factors and piezoelectric-related coefficients, each technique still has its own pros and cons. For example, one must consider the laborious fitting with analytical equations needed to obtain parameters when the partial electrode method is utilized. Furthermore, the crystallographic method may require measurements of numerous samples, since statistical dispersion of the parameters may become larger when the variance of the polarization angle is wide. The pros and cons of each method are organized in Table 1.








	
The anisotropy of loss factors was demonstrated by our group [54,55] and several other research groups [114,115]. Our research group, as mentioned in Section 3, derived analytical solutions for five types of vibrational modes and proposed a method to determine all the loss factors. While many elastic and dielectric loss factors can be directly obtained from admittance data, piezoelectric loss factors are hard to obtain; obtaining the piezoelectric loss factors involves complicated relationships between     Q   A     and     Q   B    , and possess large experimental errors due to uncertainty propagation. Zhuang reported   ±  100% error of a certain piezoelectric loss factor in his thesis [55]. In this sense, piezoelectric loss can be considered as a “hidden” loss and it is difficult to obtain the loss factors with high accuracy. Therefore, piezoelectric loss factors are sometimes not considered in physical models; one research group even claimed that such piezoelectric loss does not exist [63]. Therefore, new determination methods to obtain the piezoelectric loss factors with a high accuracy are required, and the ways in which anisotropic loss factors affect the performance of certain types of piezoelectric devices should be studied.



	
Our group proposed that the antiresonance frequency operation can be more efficient than the resonance operation in PZT-based piezoelectric ceramics. This is because piezoelectric loss is larger than the average of the sum of the dielectric and elastic loss factors, so that     Q   B     >     Q   A    . Furthermore, as already shown in this review, the minimum power consumption may be achieved between the resonance and antiresonance frequencies. These phenomena may be different in lead-free piezoelectric ceramics to some extent. For example, in sodium-potassium-niobate-based lead-free piezoelectric ceramics,     Q   A     and     Q   B     are almost equal to each other. This is actually not the difference between the lead-containing and lead-free piezoelectric ceramics, because our group previously observed that     Q   B     >     Q   A     in bismuth sodium tantalate piezoelectric ceramics [80]. Though we speculate that the main factor that makes the difference is lone pair electrons, due to the Pb and Bi ions being located in a site of the perovskite structure, a clear mechanism has not been revealed. Furthermore, the frequency where minimum power loss is achieved strongly depends on the material or device type. Therefore, the piezoelectric loss mechanism of different types of materials and/or devices should be clarified for optimal device operation.



	
The piezoelectric effect is a linear coupling between elasticity and electricity, and the parameters may differ depending on the boundary conditions caused by the consistency of the intensive or extensive quantity [5,6]. For example, the D-constant condition causes elastic stiffening, so that the D-constant elastic compliance (    s   D    ) is smaller than the electric field (E)-constant elastic compliance (    s   E    ). Both types of parameters—I- or E-type—are important, because I-type parameters can be used as input parameters for models and simulations, while E-type parameters are important in discussing physical mechanisms. Though our group demonstrated the determination process of both I- and E- type elastic compliances and the corresponding loss factors in     k   31     and     k   33     vibrational modes, thus partially resolving the deficits of the IEEE Standard, there are still issues to be resolved. For instance, the thickness mode (    k   t    ) and thickness shear mode that provide E-type complex elastic parameters are typically used near the MHz regime, but they have various spurious modes, caused by overtone resonances or higher harmonics, that make it difficult to precisely determine the mechanical quality factors, as well as the resonance frequencies. Furthermore, the length shear mode (    k   15    ), which is similar to the longitudinal mode (    k   33    ), has a large impedance issue due to its intrinsic structure similar to the     k   33     mode. Therefore, a new methodology for precisely determining both I- and E- type complex coefficients should be devised. One way of overcoming the spurious mode could be the FEM-based approach proposed by Perez et al. [95] that fits experimental data over a wide range of frequency, if all the spurious modes can be fitted.



	
The accurate parameter (especially elastic and piezoelectric) determinations of piezoelectric thin films have been challenging, since the measurements are always affected by a clamping effect due to the substrate. For example, to eliminate the effect of substrate clamping, the contribution of substrate stiffness to the measured piezoelectric constant should be considered [116]. Furthermore, up-to-date, suggested methods have focused on the determination of real parameters, yet the determination of the imaginary parameters (loss factors) of piezoelectric thin films (though many deal with dielectric loss, which is relatively easily obtained with simple capacitance measurements) has not been thoroughly studied. Since loss factors are directly related to the performance of piezoelectric devices, it seems necessary to develop such methods. Recently, researchers utilized MEMS structures to determine piezoelectric coefficients; several recent works on the characterization of capacitive MEMS resonators [117,118] share many similar aspects compared to piezoelectric MEMS resonators, so applying similar characterization methods may improve the accuracy of determined parameters and loss factors.



	
Finally, a machine-learning based approach should be created for the determination of complex coefficients based on researchers’ convenience. The first effort to automate the parameter determination process was made in 2021 [96], and researchers started utilizing machine-leaning techniques for anticipating the behaviors of various piezoelectric device applications [119,120,121,122]. If the usage of the technique is proved to be valid in the future, piezoelectric complex coefficients could be determined without laborious tasks including creating samples, measurements, and analysis.
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Figure 1. (a) Equivalent circuit (EC) of piezoelectric resonator suggested by the IEEE Standard. (b) Vibration velocity dependence of resonance (    Q   A    ) and antiresonance (    Q   B    ) and corresponding temperature rise. Figure 1a,b were redrawn and originally from [33] and [51], respectively. 
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Figure 2. (a) Resonance peak distortions in constant voltage method and (b) resonance peaks in constant current method. Figure 2a,b were redrawn and originally from [64]. 
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Figure 3. The schematic of High-Power Piezoelectric Characterization Systems (HiPoCSTM). The Figure is redrawn and originally from [3]. 
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Figure 4. Change in electrical power and     Q   m     as a function of frequency in constant input power method. The minimum power located in between resonance and antiresonance frequency. The Figure is redrawn and originally from [66]. 
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Figure 5. The ringing characteristics of voltage (orange) and current (blue) in short-(left) and open-(right) circuit conditions for burst/transient drive applied to     k   31     mode. The Figure is redrawn and originally from [74]. 
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Figure 7. Spurious peaks clearing out from the (a) motional admittance and (b) motional impedance by changing polarization angle in effective     k   31   –   k   15     piezoceramic specimen. The Figure is redrawn and originally from [77]. 
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Figure 8. (a) IEEE Standard     k   31     mode piezoelectric specimen, (b)     k   31     non-electrode (NE) for determination of     s   11   D *    , (c)     k   33     open circuit (OC) for determination of     s   33   D *    , and (d)     k   33     side electrode (SE) for determination of     s   33   E *    . The Figure is redrawn and originally from [80]. 
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Figure 9. (a) A schematic diagram for ultrasonic pulse-echo measurement and (b) received pulse scheme. Redrawn from the IEEE Standard on Piezoelectricity. 
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Figure 10. (a) Experimental admittance results of     k   31     mode partial electrode samples and (b) admittance generated from equivalent circuit model with three losses. The Figure was redrawn and is originally from [109]. 
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Table 1. Pros and cons of each measurement techniques.
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	Methods
	Pros
	Cons





	Admittance measurement
	It is a well-known method and utilized by many researchers
	High-power measurements may distort resonance/antiresonance peaks



	Burst/transient
	Heat generation issue can be eliminated.
	The measurements can be unstable compared to admittance measurements.



	Crystallographic orientation
	Various I-type and E-type loss factors can be determined.
	Laborious measurements are required to reduce the error from polarization angle variance.



	Partial electrode
	I-type and E-type elastic loss factors can be determined with reduced error.
	Laborious fitting task is required.



	Computer-based approach
	Effective when many spurious modes exist; convenient due to process automation
	Expertise in computer science/machine-learning is required.



	Ultrasound pulse-echo
	Elastic parameters and loss factors can be accurately determined.
	The method requires electrical measurements to obtain all types of piezoelectric-related coefficients and loss factors.
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