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Abstract: This study reports on a novel bi-stable actuator with an integrated aluminum nitride (AlN) 
piezoelectric layer sandwiched between two electrodes. To achieve bistability, the membranes must 
exceed a characteristic compressive stress value, also called the critical stress. For this purpose, we 
used highly c-axis orientated stress-controlled AlN with a thickness of 400 nm. First experiments 
showed, that it is possible to switch between the two stable ground states with at least two 
rectangular pulses at a frequency of 80 kHz and with a voltage Vpp of 40 V, resulting in a 
displacement of about 10 µm for each switching direction. 
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1. Introduction 

Based on the growing market of mobile systems, the focus is nowadays on a low energy 
consumption of MEMS devices to ensure long operation times with limited power sources, such as 
batteries. Therefore, the power efficiency of MEMS sensors and actuators must be well optimized for 
future demands. 

The bistability of membranes is regarded to be a promising feature to strongly decrease the 
power consumption of membrane-based MEMS devices due to the fact that energy is only needed 
when switching between the two ground states. Also, the displacement of bi-stable membranes is 
very high compared to standard configurations [1]. The bistability of membranes is well described in 
literature [2] showing two stable ground states. A membrane is bi-stable, when a characteristic 
compressive stress is applied, typically with an additional layer. Bi-stable systems are superior 
compared to conventional concepts when integrated in relays [3], non-volatile memory cells [4], 
energy harvesters [5] and valves [6]. In literature, the switching is typically done electrostatically [7,8], 
electromagnetically [6], thermally [9] or by exciting the device in resonance [10]. These concepts are 
either bulky, need very high voltage or current values or are restricted by the pull-in effect. 

In this study we present a novel concept for switching between the ground states of a 
piezoelectric bi-stable membrane with an integrated sputter deposited aluminum nitride (AlN) layer 
which is piezoelectric and provides the necessary stress level. Furthermore, we show an electrical 
excitation concept to switch between the ground states by using short rectangular pulses. 
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2. Theory 

Bistability at membranes occur when their intrinsic stress exceeds the characteristic value σc, also 
called the critical stress value. If this value is exceeded, the membrane has an initial deflection and 
two possible stable ground states (see Figure 1). 

 
Figure 1. The possible ground states of bistable membranes measured with a Whitelight 
interferometer. 

This value can be calculated with the equilibrium of forces at the frame of a circular membrane 
when the bending moments are determined. By assuming pure plate behavior, the formula for the 
initial displacement w0 can be calculated [2]: 𝑤଴ =  ± √ଷହସ 𝑡ඨ𝜎଴ ଵరయቀ ೟ೃቁమ ಶభషഌ² − 1 , (1) 

where σ0 is the initial stress, t the thickness, R the radius of the membrane, E the Young’s modulus 
and ν the passion’s ratio of the used material in the membrane. It is evident that the argument in the 
square root of Equation (1) must be larger than zero to get an initial deflection w0. This minimum 
stress value is called critical stress being for a circular membrane: 𝜎௖ = − ସଷ ௧మோమ ாଵିఔమ . (2) 

When a multilayer stack is used, the effective values of the material parameters and the intrinsic 
stress serve as approximation. For example the formula of the resulting stress of a N layer system is: 𝜎௚௘௦ = ∑ ఙ೔௧೔೔ಿసభ௧೒೐ೞ  . (3) 

Basically, the effective values of the Young’s modulus and the Poisson’s ratio are calculated 
applying the same approach. 

3. Fabrication 

To simplify the fabrication process, the present approach uses silicon on isolator (SOI) wafers 
with a deposited 80 nm LPCVD stoichiometric silicon nitride on top of a 250 nm wet thermal oxide 
serving as insulation to the 2 µm thick device layer. To remove the oxinitride layer on the backside, 
the front side was protected with a spray-coated resist and the backside was etched with an oxygen 
plasma. The bottom electrodes were e-beam evaporated consisting of a bi-layer of 50 nm chrome and 
200 nm gold and patterned with a lift-off process. Next, a negative photoresist was spray coated and 
developed for AlN structuring using again lift-off. The AlN layer was reactively sputter deposited 
with a VON ARDENNE LS730 sputter equipment at a chamber pressure of 2 µbar, a flow rate of 50 
sccm nitrogen and a dc power of 800 W. Bow measurements at monitor wafers showed a compressive 
stress of the 400 nm thin AlN layer of σ0 = −600 MPa. The top electrode was e-beam evaporated and 
patterned in the same way as the bottom electrode. Wafer bow measurements showed a tensile stress 
of one electrode stack of σEl = +200 MPa. For DRIE etching of the backside with an OXFORD 
Instruments Plasmalab, the front side was protected with a thick spray coated photoresist. The buried 
oxide (BOX) with a thickness of 1 µm was used as etch stop and released with 40% buffered HF. After 
this process steps all of the membranes showed bi-stable behavior, indicated by buckling. 
Additionally, a wafer saw was used for dicing. The individual dies were cleaned with acetone to 
remove the protective resist on the device layer, isopropanol and distilled water, respectively. Finally, 



Proceedings 2018, 2, 912 3 of 4 

 

the membranes were bonded in a DIP-24 package for an easy connection to the electrodes. A schematic 
of the membranes in cross-sectional view is illustrated in Figure 2 on the left side, whereas the right 
side shows a bonded die with two membranes. 

 
 

(a) (b) 

Figure 2. (a) The conceptual design of the piezoelectric bistable membrane using a silicon membrane 
with AlN as piezoelectric layer sandwiched between top and bottom electrodes; (b) shows a bonded 
die with 2 membranes having multiple contacts to the electrodes. 

4. Experimental Results 

The movement of the membrane was measured with a set-up consisting of a Polytec MSA-400 
as a laser Doppler Vibrometer (LDV), a HP Agilent 33124 function generator and a Trekstar 50× piezo 
amplifier which amplifies the signal of the function generator. The laser spot of the LDV was set to 
the center of the membrane and the MSA-electronics were triggered by the function generator. The 
measured velocity signal was then recorded and integrated over time in Matlab to obtain the 
displacement transient. 

With the function generator, however, rectangular burst signals with two periods and with 
varying frequency can be applied which resulted in a switching between the two ground states. 
Figure 3 shows in the top graphs the applied voltage signal (blue) and the measured velocity 
characteristics during and after switching (red) and in the bottom graphs the calculated displacement 
of a 2.9 µm thick (i.e., 2 µm silicon device layer plus electrodes and 400 nm AlN) membrane with a 
diameter of 800 µm, whereas (a) illustrates the “switching down”, and (b) the “switching up” 
behavior. For this study two pulses of 40 Vpp and a frequency of 80 kHz were applied, which was not 
the resonance frequency of the membrane-based system. 

  
(a) (b) 

Figure 3. In the top graphs the applied voltage (blue) und the measured velocity (red) are shown and 
in the bottom the calculated displacement of a 2.9 µm thick membrane with a diameter of 800 µm, 
whereas (a) shows the switching from the top ground state to the bottom ground state (e.g., 
“switching down”) and (b) the switching from the bottom to the top ground state (e.g., “switching 
up”). 

It is worth mentioning that in this configuration it was not possible to switch the membrane with 
only one rectangular pulse. However, Figure 3 shows that it is possible to switch the ground states of 
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a bi-stable membrane with an integrated AlN piezoelectric layer applying a minimum of two pulses. 
Displacements are in the range of 10 µm, which is hardly possible using AlN in a flat membrane 
configuration of these dimensions, featuring no bistability. The total displacement can be improved 
when the membrane is more compressively stressed (see Equation (1)), e.g., by using a thinner silicon 
device layer, a thinner stack of the tensile stressed electrodes or a thicker compressively stressed AlN 
film. 

5. Conclusions and Outlook 

This work presents the first bistable MEMS concept with an integrated piezoelectric thin film 
which can be very useful for some applications (e.g., pumps, switches). We showed that it is possible 
to switch between the stable states with rectangular pulses with 40 Vpp and measured a displacement 
of about 10 µm. The next step is to find an optimized electrode design and a signal characteristics for 
a low energy consumption bistable switching. 
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