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Abstract:



In this paper, two different piezoelectric microactuator designs are studied. The corresponding devices were designed for optimal in-plane displacements and different high flexibilities, proven by electrical and optical characterization. Both actuators presented two dominant vibrational modes in the frequency range below 1 MHz: an out-of-plane bending and an in-plane extensional mode. Nevertheless, the latter mode is the only one that allows the use of the device as a modal in-plane actuator. Finite Element Method (FEM) simulations confirmed that the displacement per applied voltage was superior for the low-stiffness actuator, which was also verified through optical measurements in a quasi-static analysis, obtaining a displacement per volt of 0.22 and 0.13 nm/V for the low-stiffness and high-stiffness actuator, respectively. In addition, electrical measurements were performed using an impedance analyzer which, in combination with the optical characterization in resonance, allowed the determination of the electromechanical and stiffness coefficients. The low-stiffness actuator exhibited a stiffness coefficient of 5 × 104 N/m, thus being more suitable as a modal actuator than the high-stiffness actuator with a stiffness of 2.5 × 105 N/m.
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1. Introduction


Creating devices able to operate in the micrometer scale has been part of the scope of vanguard science and technology for many years. Using the same technology that allowed the miniaturization of electronic circuits, it was possible to fabricate the so-called microelectromechanical systems (MEMS): miniaturized systems composed of mechanical structures and electronic components. The microactuators, in particular, have achieved remarkable progress in many fields [1,2], being able to generate forces or displacements to perform scanning, tuning, manipulating, or delivering functions [1,2,3,4]. It was not until the last decades that a large number of actuators have been developed for various applications, usually driven by electrostatic [5], electromagnetic [6], thermal [7], piezoelectric [8], and Lorentz forces [9,10]. The application of piezoelectric microactuators is challenging, since a considerably high driving voltage is needed to attain practical forces or displacements, and thus the real-world application of the actuators is still limited.



Regarding in-plane actuators, the use of PZT (Lead Zirconate Titanate) as a piezoelectric layer has recently shown promising results: laser-machined [11] and thick-film PZT-based actuators [12] in the millimeter size demonstrated displacements of 60 and 12 nm/V, while sub-millimeter-sized thin-film PZT-based actuators reached in-plane displacements as high as 300 nm/V with basic geometries and low stiffness [13,14,15]. Seeking a better integration for silicon-based fabrication protocols, AlN allows for monolithic microdevices to be easily fabricated at the expense of a much lower piezoelectric performance. So, an appropriate design of the actuator is crucial for top performance AlN-based actuators.



The design of piezoelectric microactuators, as smart structures, is mainly focused on two complementary problems: designing the host structure or substrate for a given actuation system or designing the actuation system for a given host structure. In this sense, both the first and the second approach are limited by the given host structure or actuation system, so to achieve better results for a given application, both problems need to be solved simultaneously, using a numerical method capable of distributing host material, actuating material, and voids. Level set methods [16,17] offer versatility, but are difficult to implement and computationally expensive. Numerical methods based on building blocks [18], although fast, are limited to basic geometries, while interval techniques require an analytical model of the host structure [19]. Under certain hypotheses of isotropy and simple geometries, SIMP-based methods (Solid Isotropic Material with Penalisation) [20,21,22,23,24,25] are more suitable. From a practical point of view, SIMP methods are largely used to design piezoelectric in-plane and out-of-plane transducers [25,26,27].



In this work, two different piezoelectric actuator designs were investigated in order to obtain a high efficiency of the actuation and sensing mechanisms, determined by the electromechanical coefficient. The identification of the vibrating modes and the characterization of the static deformation was a fundamental goal. For this reason, the electrically detected modes were optically identified using a speckle pattern-based interferometer, capable of building a map of both the out-of-plane and the in-plane motion of the device surface. In addition, the information on the mechanical displacement amplitude obtained with this equipment allowed us to determine the efficiency of the actuation and sensing mechanisms.




2. Materials and Methods


2.1. Optimal Design of the Actuators


The aim of the optimal design is the maximization of the displacement per unit voltage applied to the piezoelectric film, which is integrated in the MEMS actuator. It can be shown that this actuator problem is equivalent to the sensor problem, where the output charge generated by the same piezoelectric film is maximized when a mechanical force is applied [20]. The topology optimization method [21] allows the design of the polarization profile of the piezoelectric layer, hence improving the electrical signal generated by the piezoelectric effect.



The improvement of the generated output charge is set as an optimization problem that may be solved in a square domain called Ω. The plate is clamped at its left edge and the mechanical force is applied to the midpoint of the right edge, as shown in Figure 1a.


Figure 1. Design domain and boundary conditions: (a) top view; (b) side view. [image: there is no content] and [image: there is no content] are the material and polarization profile design variables, respectively. The force [image: there is no content] and displacement [image: there is no content] at the input port are also depicted.
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The side view of the multi-layered structure is shown in Figure 1b, the structure consisting of silicon as a conductive support layer and bottom electrode, aluminium nitride as the piezoelectric thin film and aluminium for the top electrode. The three layers are perfectly bonded and the stiffness of the piezoelectric material and the electrode film are neglected since their thicknesses are small compared to the silicon support layer.



2.1.1. Optimization Problem


The optimization problem proposed in the previous section involves two variables (characteristic functions): the structural variable, [image: there is no content], that models the topology of the structure, and the polarization profile of the electrodes,[image: there is no content]. The first one can take the two values [image: there is no content], meaning void or solid, respectively. The polarization profile is a tri-level function, namely [image: there is no content], meaning negative, null, or positive polarity of the electrode. Since the topology optimization problem lacks classical solutions, the design variables [image: there is no content] and [image: there is no content] need to be relaxed into the density variables [image: there is no content] and [image: there is no content]. As usual in topology optimization problems, after the relaxation of the variables, the domain is discretized in [image: there is no content] finite elements, with two variables per element.



Concerning the finite element model, bilinear elements with 8 degrees of freedom have been considered, assuming plane stress hypothesis. The interested reader is referred to [28]. The stiffness of the host structure is large enough to consider a linear elasticity modeling of the displacements of the sensor. The problem written as a topology optimization problem is as follows:


[image: there is no content]



(1)




where R is an interpolation function that models the electric charge generated in the void elements, BT is the transposition of the usual strain matrix, U is the displacement vector, K is the stiffness matrix, F is the force vector (a vector of zeros with the value [image: there is no content] placed at the input port), [image: there is no content] is the displacement in the y-axis of the midpoint of the right edge, [image: there is no content] is the maximum displacement allowed in the point of application of the mechanical force, v is the finite element volume, and [image: there is no content]is the maximum volume fraction allowed. The only way to control the stress in the structure is by limiting the maximum displacement at the input port. In addition, a constraint over the maximum amount of material is included to ease manufacturability [21,29].



Local minima issue is a classic difficulty in topology optimization problems. In order to deal with this unavoidable problem, continuation techniques are implemented, with the aim of obtaining the best possible design. The continuation method is used over the power p (penalization of the SIMP method), starting with p = 1 and increasing (linearly with the iterations) up to p = 3 and over the penalization function R, changing the slope in the 100th iteration to make it steeper. Concerning the initialization of the problem, the structural variable takes the same value in all the finite elements, preserving the maximum volume. The polarization profile starts with null polarity. This initialization, together with the continuation methods, has shown the best performance in the optimization problem.



A few words must be said about the optimization problem. The objective of the sensor problem is the maximization of the output charge for a given force, while the displacement at the input port is limited; but the problem can be written in the dual actuator form, where the objective function is the displacement at the input for a given voltage, and the constraint over the maximum displacement is replaced by a load spring that is added to the equilibrium equation. In the dual form of the problem, the piezoelectric force must be discretized and computed for an asymmetric actuator. The expressions for the in-plane and out-of-plane components can be found in [30]. The computations for obtaining these piezoelectric coefficients from the multi-layered structure are shown in [31]. Both references relate the piezoelectric force with the size of the finite element as well as with the stiffness of the different layers and the piezoelectric constants. The optimal design obtained in both problems is exactly the same, as was mathematically proven in [20].




2.1.2. Numerical Examples


In this section, two actuators for different values of maximum displacement allowed and input force are designed. The size of the square domain [image: there is no content] is [image: there is no content]. The thicknesses are [image: there is no content] for the silicon support layer, [image: there is no content] for the piezoelectric film, and [image: there is no content] for the top electrode. The stiffness of the silicon layer is [image: there is no content] (the stiffness of the rest of the layers is neglected), and the Poisson's ratio is fixed to [image: there is no content]. In both examples, the volume fraction is set to [image: there is no content]. The domain Ω is discretized with a mesh of 100 × 100 elements.



For the first actuator, denominated as low-stiffness actuator, the force applied is fin = 1 N, and the maximum displacement allowed at the input port is [image: there is no content]. The optimal design of the sensor is shown in Figure 2. The structure variable ρs is shown in Figure 2a, where black and white means solid (substrate and piezo) and void, respectively. The electrode profile is shown in Figure 2b, where cyan and orange represent regions with different polarity. The whole solid structure is covered by electrodes, otherwise the charge collected would be lower—only those parts of the structure that are covered by the electrodes are electrically affected. Once the topology and the polarization profile have been optimized, a continuous voltage of [image: there is no content] is applied to the structure, obtaining a calculated displacement of [image: there is no content] in the y-axis.


Figure 2. Low-stiffness actuator: (a) structure variable; (b) polarization profile for [image: there is no content] and [image: there is no content]
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For the second actuator, denominated as high-stiffness actuator, the mechanical force and the maximum displacement allowed are fixed to [image: there is no content] and [image: there is no content], while the rest of the parameters remain the same. The optimal design is shown in Figure 3. The structure variable and the polarization profile are shown in Figure 3a,b, respectively. In this case, after applying an input voltage of 50 V, the displacement calculated at the input port is [image: there is no content] in the y-axis.


Figure 3. High-stiffness actuator: (a) structure variable; (b) polarization profile for [image: there is no content] and [image: there is no content] = 50 µm.
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2.2. Final Design of the Actuators


In order to meet the restrictions of the fabrication process, minor modifications were introduced with respect to the mathematically optimal designs, as lateral dimensions of the structure narrower than 2 µm are not allowed. Regarding the electrodes, a minimum spacing between adjacent metal areas of different sign, which is determined by lithographical resolution and limitations from the etching process, were taken into account. This affects the displacement value negatively for both actuators. In order to obtain a displacement value closer to the final performance of the device, both actuators were also analyzed with a Finite Element Method (FEM) software [32]. As described in the previous section, an input of 50 V at 200 Hz was also applied for both resonators.



As can be seen in Table 1, the displacement values in the y-axis were lower for the final design than for the optimal design. In order to check that the excited mode was the targeted extensional mode, the displacements in the x-axis and z-axis, were also computed in the simulation.



Table 1. Comparison of the simulated displacement values between the optimal and the final design with an input of 50V at 200 Hz.







	
Actuator

	
Simulations

	
Displacement y-axis (nm)






	
Low stiffness

	
Optimal

	
27.28




	
Final

	
16.85




	
High stiffness

	
Optimal

	
13.23




	
Final

	
11.22










As can be observed in Table 2, the displacements in the y-axis are in the same order of magnitude as the displacement in the z-axis. However, the displacements in the x-axis were almost zero.



Table 2. Comparison of the simulated displacement values for the final design with an input of 50V at 200 Hz.







	
Actuator

	
Displacement x-axis (nm)

	
Displacement y-axis (nm)

	
Displacement z-axis (nm)






	
Low stiffness

	
5.09 × 10−3

	
16.85

	
9.12




	
High stiffness

	
3.36 × 10−3

	
11.22

	
18.57











2.3. Fabrication Process of the Actuators


The actuators were fabricated in-house from a SOI wafer with a 100-μm thick device layer covered with a 620-nm thick AlN piezoelectric film. This piezoelectric layer is sandwiched between 200-nm thick chromium/gold electrodes [33,34]. The thickness of the silicon support was chosen such that the extensional mode is observed at frequencies below 1 MHz. The top metallization has two electrodes that allow a selective excitation according to the design presented above. The actuators are excited by an anti-parallel connection of the electrodes (▲-) to obtain the desired extensional mode. The actuators have a length of [image: there is no content], a width of [image: there is no content] , and a thickness of [image: there is no content]. Optical micrographs of the fabricated actuators are shown in Figure 4.


Figure 4. Micrograph of the MEMS actuators: (a) low-stiffness actuator; (b) high-stiffness actuator.



[image: Actuators 06 00019 g004]








3. Results and Discussion


In the previous section, the simulated displacement values for the optimal and the real design were analyzed. For the experiments, three samples of each of the designs were used. Each sample was measured at least three times, and the following results were obtained from the average of all measurements taken for the samples of the same design. The measurements were carried out in quasi-static (200 Hz) conditions as well as at resonance. In addition, the elastic constant for both actuators was calculated.



3.1. Optical Measurements


Firstly, the actuators were characterized through optical measurements with a laser Doppler vibrometer, recording the out-of-plane displacement (perpendicular to the plane of the actuator), while applying a chirp signal of 3 V in the range of 1 to 1000 kHz. As can be seen in Figure 5 and Figure 6, the bending (out-of-plane) and the extensional (in-plane) modes present the greatest displacement values compared with other peaks of the spectrum.


Figure 5. Average out-of-plane displacement (z-axis) from the optical characterization of the low-stiffness actuator. The measured modal shape and estimated quality factor are shown next to each peak.
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Figure 6. Average out-of-plane displacement (z-axis) from the optical characterization of the high-stiffness actuator. The measured modal shape and estimated quality factor are shown next to each peak.
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It is highly remarkable from Figure 5 and Figure 6 that the low-stiffness actuator exhibited Q-factors as high as 1539 for the extensional mode, while the high-stiffness actuator exhibited a value of 143. The standard deviation of the quality factor of the extensional mode for the three low-stiffness actuators was 12, whereas for the high-stiffness device it was 5. This significantly lower performance of the latter, in terms of Q-factor, could be related to the dominant source of energy losses in air: fluid damping and anchor losses. Although both structures have the same anchor shape and size, anchor losses may depend on frequency [35]. In the case of fluid damping, in-plane and especially extensional modes, have demonstrated their good performance in terms of fluid damping in contrast to bending modes [36,37,38]. As can be seen from Figure 5 and Figure 6, both actuators’ extensional modes showed a significant out-of-plane deformation, which would devaluate their Q-factor. Moreover, the ratio of out-of-plane to in-plane deformation is higher in the high-stiffness actuator as well as the area with the greater deformation (i.e., the tip), so this actuator may suffer from greater damping, hence, even lower Q-factors are expected.




3.2. Electrical Measurements


In order to calculate the quality factor and the resonant frequency of the different devices and vibration modes, the measured electrical impedance spectrum was fitted to a modified Butterworth–Van Dyke equivalent circuit [39]. The equivalent RLC (Resistance-Inductance-Capacitance) values were obtained by fitting the conductance of the circuit model to the experimental conductance spectrum around resonance, obtaining the values shown in Table 3.



Table 3. Fitted parameters from the impedance measurements in air for both actuators. The resonant frequency (fr) and quality factor (Q) were estimated from the equivalent circuit parameters: parallel capacitance (C0), series resistance, inductance, and capacitance (Rs, Ls, and Cs).







	
Actuator

	
Vibration Mode

	
fr (kHz)

	
Q

	
C0 (pF)

	
Rs (kΩ)

	
Ls (H)

	
Cs (fF)






	
Low-stiffness

	
Bending

	
156

	
68

	
95

	
2340.0

	
163

	
6.37




	
Extensional

	
687

	
1539

	
135

	
51.0

	
18.2

	
2.95




	
High-stiffness

	
Bending

	
143

	
139

	
140

	
232.0

	
36.0

	
34.30




	
Extensional

	
925

	
154

	
145

	
110.0

	
2.9

	
10.10











3.3. Analysis of the Displacement


In the next section, the results obtained in the simulations and the optically measured data will be compared. Moreover, in this section we used an optical tool from Optonor, Norway (MEMSMap 510), which consists of a speckle pattern interferometer capable of building a map of both the out-of-plane and the in-plane motion of the device surface [8]. In addition, the information on the mechanical displacement amplitude obtained with this instrument allows to determine the efficiency of the actuation and sensing mechanisms.



3.3.1. Analysis of the Displacement in Quasi-Static or DC Condition


In order to obtain the in-plane displacement for a given actuation voltage, a quasi-static analysis was carried out. Actuation voltages ranging from 2 to 75 V at a low frequency of 200 Hz, considerably far from the lowest resonant mode (see Figure 5 and Figure 6), were used.



As can be observed in Figure 7, the recorded displacement values followed a linear tendency; the sensitivity, which is equivalent to the displacement to voltage ratio, was obtained, yielding a value of 0.22 nm/V and 0.13 nm/V for the low-stiffness and the high-stiffness actuator, respectively.


Figure 7. Average displacement in the y-axis at 200 Hz as a function of the applied voltage and its linear fit. The error bar represents the measurement resolution (1 nm).
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The comparison with the simulated values (Table 4) revealed that the measured displacements were lower than those of the original optimal designs. This could be related to the slight modifications performed in the layout to meet the fabrication process requirements and to deviations in the fabrication process itself. These modifications may lead to a loss of optimality, which was more noticeable in the low-stiffness actuator since it required a higher thickening of the joints, while the fabrication tolerances affected both actuators more evenly.



Table 4. Comparison of the simulated and measured displacement values in the y-axis with an input of 50 V at 200 Hz.







	
Actuator

	
Simulations

	
Optical Measurements




	
Optimal (nm)

	
Final (nm)

	
Fabricated Device (nm)






	
Low-stiffness

	
27.28

	
16.85

	
12.04




	
High-stiffness

	
13.23

	
11.22

	
6.40











3.3.2. Analysis of the Displacement at the Resonant Frequency or AC


Once the actuators have been characterized in quasi-static excitation, the next step is to perform a study of the displacement at the resonant frequency. In this case, a sinusoidal voltage at each actuator’s resonant frequency and at an amplitude ranging from 0.025 to 0.15 V and 0.5 to 2 V for the low-stiffness and high-stiffness actuator, respectively, was carried out. In Figure 8, the displacement values in each direction at resonance are shown.


Figure 8. Average displacement at the resonant frequency as a function of the applied voltage and its linear fit.
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3.4. Analysis of the Elastic Constant


Assuming a linear relationship between response and excitation, the mechanical response of the actuators can be modeled as the superposition of an infinite number of resonance modes, each one corresponding to a single degree of freedom (SDOF) damped second order system [40]. Since each mode is determined by its own characteristic constants, i.e., mass ([image: there is no content]), stiffness ([image: there is no content]), and damping factor ([image: there is no content]), the frequency–domain analysis of a single mode is possible, provided that its resonant frequency is far enough from the frequency of any other mode. Equation (2) describes the displacement (d) to force (F) response of a SDOF mass–spring–damper system.


[image: there is no content]



(2)







Following the procedure reported previously [8,41], we could transform the mechanical response into the electrical response of the actuator, obtaining Equation (3). Moreover, we could obtain Equation (4), which determines the electromechanical coefficient ([image: there is no content]) from the electrical coefficients and the displacement at resonance. By means of the MEMSMap 510, the ratio of the maximum displacement to the applied voltage in resonance, [image: there is no content], was measured as in the previous section.


[image: there is no content]



(3)






[image: there is no content]



(4)







Once the electromechanical coefficient is known, the stiffness constant can be calculated as in Equation (5). This Equation expresses the suitability of the device to work as a modal in-plane actuator. In this Equation, two parts can be considered separately: the modal factor, Q, and the piezoelastic factor, having a ratio of [image: there is no content] to [image: there is no content].


[image: there is no content]



(5)







In order to calculate the coefficients [image: there is no content] and [image: there is no content], we used the linear fit values of Figure 8 and the electrical parameters obtained from the impedance measurements in Table 3. As can be observed in Table 5, the low-stiffness actuator presents the lowest stiffness. Furthermore, [image: there is no content] seems to increase with [image: there is no content], while the ratio of [image: there is no content] to [image: there is no content], representing the efficiency of actuation, presents the opposite tendency. Therefore, we can conclude that the low-stiffness actuator is suitable for use as a modal actuator at the quasi-static and the resonant frequency.



Table 5. Measured displacement at resonance for the extensional mode and coefficients derived.







	
Actuator

	
Vibrational Mode

	
Displacement/V (nm/V)

	
[image: there is no content] (N/V)

	
[image: there is no content] (N/m)

	
[image: there is no content]/[image: there is no content] (m/V)






	
Low stiffness

	
Extensional

	
373.86

	
1.22 × 10−5

	
5.01 × 104

	
2.43 × 10−10




	
High stiffness

	
Extensional

	
31.43

	
4.97 × 10−5

	
2.45 × 105

	
2.02 × 10−10












4. Conclusions


In this study, two different actuator designs were evaluated, both theoretically and experimentally: a low-stiffness and a high-stiffness actuator. Each actuator presented two different vibrational modes: out-of-plane and in-plane mode, denominated as bending and extensional mode, respectively. However, only the extensional mode was studied in the present work, due to its potential application as a modal in-plane actuator.



In order to characterize the extensional mode, different simulations were performed: one with the optimal design and the other with the final design adapted to the fabrication process. We could observe that the displacement values were superior for the low-stiffness actuator. This was also verified through optical measurements in a quasi-static analysis, obtaining a displacement per volt of 0.22 and 0.13 nm/V for the low-stiffness and high-stiffness actuator, respectively. The same process was carried out at the resonant frequency for the extensional mode, obtaining a displacement per volt of 373.86 and 31.43 nm/V for the low-stiffness and high-stiffness actuator, respectively. Therefore, we can conclude that the low-stiffness actuator is more suitable for application as a modal in-plane actuator.
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