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Summary: 
This paper explores the potential energy modulation of bistable PiezoMEMS membranes via stress tun-
ing. The static deflection of the membrane is tuned by applying DC voltage, while external air pressure 
enables load-deflection measurements for the potential energy analysis. The effect of DC on the mem-
brane is closely related to the membrane's stress and its initial static buckling height. Membranes that 
are already buckled and exhibit bistability demonstrate minimal changes when subjected to DC. In con-
trast, membranes that are buckled but remain monostable exhibit a significant response to DC.  
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Motivation and Objective 
Bistable PiezoMEMS membranes are attractive 
for energy-efficient solutions, featuring two sta-
ble mechanical states [1,2]. However, the ability 
to precisely measure and control the potential 
energy landscape of these structures is a chal-
lenge. Hence investigating the influence of exter-
nal factors like voltage and pressure on these 
membranes opens a new door for enabling tun-
able and adaptive bistable PiezoMEMS sys-
tems. Understanding how these factors interact 
with the membranes’ properties can provide 
deeper insights into optimizing device perfor-
mance and reliability. 
The main objective of this research is to find the 
potential energy landscapes of PiezoMEMS 
membranes and investigate how their potential 
can be modulated by tuning the mechanical 
stress of the membrane by a DC voltage. With 
this approach, we are trying to establish a para-
metric correlation between the applied DC volt-
age and the membrane’s potential landscape 
which helps to provide insights into dynamic 
stress control of bistable PiezoMEMS mem-
branes. This approach is attractive for stress-
modulated applications like varifocal MEMS mir-
rors [3]. 

Methodology 
The silicon PiezoMEMS bistable membranes 
with diameters ranging from 600 to 800 µm and 
a thickness of ~3.43 µm were fabricated accord-
ing to standard MEMS fabrication processes. 
The membrane has a stacked structure with a 
piezoelectric layer sandwiched between top and 
bottom electrode layers. Aluminum nitride (AlN) 

serves as piezoelectric layer whose stress is 
tuned to achieve the compressive stress needed 
to induce membrane buckling. Air pressure (both 
positive and negative) is applied as an external 
force perpendicular to the membrane surface 
(always from below the membrane) to conduct 
load-displacement measurements. Simultane-
ously, a DC voltage is applied to the system. The 
static deformation of the membrane under vary-
ing air pressures and applied voltages is meas-
ured with White Light Interferometry (WLI) (see 
Fig. 1).  

Fig.  1 Schematic of the measurement setup for DC 
voltage-induced parametric potential energy modula-
tion in bistable piezoelectric MEMS membranes. 

The parametrically modulated potential is de-
rived from the load-deflection data correspond-
ing to each applied voltage. To achieve a static 
buckling height (w0>0), the membrane must ex-
hibit compressive residual stress that exceeds 
its characteristic critical stress σc [1] given by eq. 
(1),  

𝜎𝜎𝑐𝑐 = − 4·𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒·𝑡𝑡2

3·𝑅𝑅2·(1−𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒2 )    (1) 
where Eeff represents the effective biaxial 
Young’s modulus of the membrane, t is the 
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Motivation and Objective
Bistable PiezoMEMS membranes are attractive
for energy-efficient solutions, featuring two sta-
ble mechanical states [1,2]. However, the ability
to precisely measure and control the potential
energy landscape of these structures is a chal-
lenge. Hence investigating the influence of exter-
nal factors like voltage and pressure on these
membranes opens a new door for enabling tun-
able and adaptive bistable PiezoMEMS sys-
tems. Understanding how these factors interact
with the membranes’ properties can provide
deeper insights into optimizing device perfor-
mance and reliability.
The main objective of this research is to find the
potential energy landscapes of PiezoMEMS
membranes and investigate how their potential
can be modulated by tuning the mechanical
stress of the membrane by a DC voltage. With
this approach, we are trying to establish a para-
metric correlation between the applied DC volt-
age and the membrane’s potential landscape 
which helps to provide insights into dynamic
stress control of bistable PiezoMEMS mem-
branes. This approach is attractive for stress-
modulated applications like varifocal MEMS mir-
rors [3].

Methodology
The silicon PiezoMEMS bistable membranes
with diameters ranging from 600 to 800 µm and 
a thickness of ~3.43 µm were fabricated accord-
ing to standard MEMS fabrication processes. 
The membrane has a stacked structure with a
piezoelectric layer sandwiched between top and
bottom electrode layers. Aluminum nitride (AlN)

serves as piezoelectric layer whose stress is
tuned to achieve the compressive stress needed
to induce membrane buckling. Air pressure (both
positive and negative) is applied as an external
force perpendicular to the membrane surface
(always from below the membrane) to conduct
load-displacement measurements. Simultane-
ously, a DC voltage is applied to the system. The 
static deformation of the membrane under vary-
ing air pressures and applied voltages is meas-
ured with White Light Interferometry (WLI) (see
Fig. 1).

Fig.  1 Schematic of the measurement setup for DC 
voltage-induced parametric potential energy modula-
tion in bistable piezoelectric MEMS membranes.

The parametrically modulated potential is de-
rived from the load-deflection data correspond-
ing to each applied voltage. To achieve a static
buckling height (w0>0), the membrane must ex-
hibit compressive residual stress that exceeds
its characteristic critical stress σc [1] given by eq. 
(1), 

𝜎𝜎𝑐𝑐 = − 4·𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒·𝑡𝑡2

3·𝑅𝑅2·(1−𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒2 ) (1)

where Eeff represents the effective biaxial
Young’s modulus of the membrane, t is the

membrane thickness, R denotes the membrane 
radius, and eff is the effective Poisson’s ratio.  

Results 
The stress within the whole wafer varied from the 
center to the edge of the wafer (see Fig. 2. (left)) 
resulting in the maximum static buckling height 
in the edge regions of the wafer (0 ≈ 65 MPa ≈ 
3c), while the minimum was observed at the 
center (0 ≈ 20 MPa ≈ c), (see Fig. 2. (right)), 
marked as regions A, B, and C.  

Fig. 2. Typical representation of stress variation in 
membranes across a wafer (left) and initial static 
buckling height of membranes with respect to its loca-
tion on the wafer (right). 

Experimental findings have shown that the effect 
of DC voltage on piezo membranes is strongly 
correlated with the initial stress and stiffness of 
the membrane. When DC voltage was applied, 
membranes in region A, which experienced min-
imal or no buckling, exhibited a negligible re-
sponse, even when voltages as high as 60 volts 
were applied. This suggests that the voltage in-
duced stress is not sufficient to achieve an effec-
tive membrane stress above 𝜎𝜎𝑐𝑐. On the other 
hand, membranes in region C, which are highly 
buckled and exhibit bistability, also demon-
strated only small changes in their static deflec-
tion (approximately 50 nm for 10 volts). This is 
because their mechanical stiffness has in-
creased due to the buckling, making it more dif-
ficult to further deform the membrane. However, 
membranes in region B, the intermediate stress 
region, which are buckled but can remain only in 
one state, showed significant changes in buck-
ling height when DC voltage was applied, ap-
proximately 500 nm for 10 volts (see Fig. 3 (top)). 
This is because the compressive stress in this 
region is still moderate, and the mechanical stiff-
ness remains within an optimal range, allowing 
the voltage induced stress to effectively induce 
further deformation. These findings also open up 
new possibilities, where selectively adjusting the 
stress can transform a monostable membrane 
into a bistable one or modulate the deflection 
profile for tunable applications.  
The potential energy of these membranes (see 
Fig. 3) was found from load-displacement meas-
urements by applying air pressure steps of 30 
mbar, generating forces that are orders of mag-
nitude higher than those due to the applied DC 
voltage. Therefore, the distinct contribution of 

the DC voltage in the potential curves is "washed 
out" by the dominant air pressure effect. 

Fig. 3 DC Voltage response of a buckled monostable 
membrane from region B (top) and potential land-
scape of a buckled bistable membrane from region C 
(down). 

Even if the membranes exhibited a linear re-
sponse with DC voltage, under combined load-
ing (air pressure + DC), air pressure induces 
larger deflections. But, in addition, their effective 
stiffness values increase and this minimizes the 
distinct contributions of the DC voltage to deflec-
tion and hence, we see minimal or even no 
changes in the potential profiles under DC volt-
age. To address this, membranes capable of 
withstanding higher DC voltages to achieve 
maximal deflection changes, while employing 
finer air pressure steps in the range of 1 mbar 
will help to capture parametric potential modula-
tion accurately. 
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