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ABSTRACT 
    This paper reports an innovative and simple 

three-dimensional (3-D) reshaping (plastic deformation) 

technique in MEMS devices by solely electrical control with 

ultrafine tuning resolution. The proposed plastic deformation 

technique ado  pted the creep phenomenon to achieve the 

desired plastic deformation. While voltage input induced 

stress on the device to start the creep phenomenon, Joule 

heating was applied to accelerate the creep phenomenon. 
Then, plastic deformation was successfully demonstrated 

with solely electrical control, where the tuning resolution was 

demonstrated at a sub-100nm level. 

 

INTRODUCTION 
Intentional plastic deformation has been considered in 

MEMS fields for versatile purposes. Out-of plane inductor 

and micro strip patch antenna have been successfully 

demonstrated for high Q-factor in the RF field [1-3]. Hot wire 

anemometer sensor and acoustic perception sensor have been 

also developed for making desired sensor topology [4-5]. 

Furthermore, plastic deformation has been used for angular 

comb drives that are hard to be made by conventional 
micromachining technology [6].  

The common principle of the previous works is that 

excessive stress is applied to the MEMS devices to overcome 

the material’s yield stress. To be specific, several hundred of 

MPa is generally required to cause the plastic deformation [7]. 

Therefore, it is insufficient to cause plastic deformation 

simply by electrostatic force generally ranging from several 

MPa to several tens of MPa.  
For example, Jun Zou and et al. used external magnet to 

generate this high stresses [1]. The external magnet could 

cause enough stress to the MEMS devices by magnetic force. 

Other research group applies external mechanical apparatus 

with wafer bonding technique [6], where MEMS devices 

were fabricated at one wafer and the other wafer with pillars 

pushed the MEMS devices by wafer bonding technique. 

However, these special techniques to make high stress are not 
desired in integrated chip because this external instrument 

hinders the whole system to be integrated in a chip. 

In this work, we paid our attention to a creep 

phenomenon to avoid this high stress problem. The creep 

phenomenon can generate plastic deformation even lower 

than the yield stress [7]. We found that by simply applying 

the creep phenomenon, we could achieve plastic deformation 

with general electrostatic force. Moreover, we advanced this 
concept through acceleration of the creep phenomenon by 

Joule heating. 

 

CONCEPT  
Fig. 1(a) represents the conventional plastic deformation 

technique induced by the stress. As depicted in Fig. 1(a), 

Initial spring has specific yield stress from material and 

structural characteristic. When stress is applied to the spring 

over the yield stress, the spring is permanently reshaped. In 

other words, high enough stress is required for plastic 

deformation. Contrarily, the proposed plastic deformation 
technique can make the plastic deformation using an elevated 

temperature in a controlled time, as shown in Fig. 1(b).  

This difference of the conventional technique and the 

proposed technique come from the atom relocation 

mechanism. Conventional technique is based on the 

dislocation movement for the plastic deformation. In this 

model, the dislocation should overcome many obstacles such 

as grain boundary, contamination atoms, and other 
dislocation for movement. Therefore, high stress is inevitably 

needed to offer enough energy. Contrarily, the proposed 

plastic deformation technique is based on the atom diffusion 

mechanism (Creep). In this mechanism, the atom diffusion is 

controlled by time parameter. Then, it is remarkably 

accelerated by temperature. In other words, plastic 

deformation less depend on the stress parameter. It means 

that the proposed plastic deformation technique can use 
relatively weak electrostatic force. 

 

  
Fig.1 Conceptual schematics of the plastic deformation 

mechanism (a) conventional plastic deformation technique 

by high stress to overcome yield stress, and (b) proposed 

plastic deformation technique using elevated temperature 
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Fig.2 Schematic view of the (a) perspective overview of the 

test device and each part name, (b) electrical ports for 

applying stress and Joule heating for plastic deformation, 

and (c) plastic deformation sequence 

 

Fig. 2(a) shows a schematic view of the test device to 

demonstrate the proposed concept. The test device adopts a 

levering structure that is highly sensitive to the creep 
phenomenon [8]. Also, it enables the sensing plate to be 

controlled in two directions upward and downward. The 

deformation plate is designed for starting plastic deformation 

by electrostatic force. The operation plate is intended to 

evaluate operation characteristic after plastic deformation 

without any interference. Finally, the sensing plate is 

designed to amplify test results by being positioned far away 

from the torsional axis through the capacitance measurement. 
Fig. 2(b) represents electrical ports to induce stress and 

Joule heating, respectively. The sensing plate is lowered by 

the voltage input in the deformation plate to make stress for 

the creep phenomenon. Levering beam is Joule heated to 

accelerate the creep phenomenon. The Joule heating is 

locally restricted to the levering structure since the levering 

structure has much higher resistance than the other parts. 

Furthermore, “C” shape anchor is designed to prevent 
undesired thermal buckling from elevated temperature during 

the plastic deformation process.  

Fig. 2(c) shows the proposed plastic deformation sequence. 

The test device is initially flat. Then, it experiences stress and 

elevated temperature by solely electrical controls for a 

precisely defined time. Finally, it will be deformed 

permanently (tilted) at a desired level. 

 

FABRICATION 

Fig. 3 represents the fabrication process of the proposed 

test device that uses electroplating Ni as a structural material 

and Cu as a sacrificial layer. A glass wafer was used for 

device isolation and accurate capacitance measurement. The 

process starts with thermally evaporated Cr (200 Å )/Au 

(3000 Å ) for the bottom electrodes.  After a diffusion barrier 

Ti (2000 Å ) is sputtered, the sacrificial layer was fabricated 

using thermally evaporated Cu (11000 Å ). Then, the 

sacrificial layer was patterned to form support post. Next, 

thick photoresist film (PR) was coated and patterned as 1st PR 

mold for electroplating. The first mold was used to form the 

first electroplating Ni layer (10 μm). After removing the first 
PR mold, 2nd PR mold was coated subsequently. The second 

Ni layer (25 μm) was patterned by the second PR mold to 

form plate. In the last step, the second photoresist was 

removed and unnecessary sacrificial layer (Ti/Cu) was wet 

etched. Then, critical point dryer (CPD) is used for 

preventing undesired stiction.  

The scanning electron microscopic (SEM) photograph of 
the fabricated test device is shown in Fig. 4. The perspective 

overview that shows the test device was successfully 

fabricated (Fig. 4(a)). The magnified view of sensing plate 

and the levering structure presents the suspended structure 

and “c” shape anchor are well fabricated as shown in Fig. 

4(b) and Fig. 4(c). 

 

Fig.3 (a) Bottom electrode formation, (b) Ti/Cu Sacrificial 

layer deposition, (c) 1st Nickel electroplating, (d) 2nd Nickel 

electroplating, and (e) Removing the sacrificial layer. 
 

 
 

Fig.4 SEM photographs of the fabricated MEMS device (a) 
overview, magnified view of (b) sensing plate and (c) 

levering beam 
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Fig.5 Surface profile of the fabricated device before and after 

the plastic deformation (permanent deformation happened 

with 0.9μm gap difference). Inset shows the plastic 

deformation experiment setup by electrical control. 

 

RESULTS AND DISCUSSIONS 

We evaluated the plastic deformation characteristics of 

the fabricated MEMS device. Inset of Fig. 5 represents the 

plastic deformation setup with only electrical ports. First, 

voltage input is applied to the deformation plate. It makes 

sensing plate to more downward, inducing stress to the 
levering structure. Second, the levering beam is locally 

heated by electrical power applied between Joule heating port 

and ground.  

Fig. 5 shows the measured surface profile change before 

and after the plastic deformation process. The beam end was 

lowered from 1.3μm of air gap to 0.4μm resulting in 0.9μm 

permanent deformation. This result demonstrates plastic 

deformation happened with solely electrical way. It is also 
confirmed that this plastic deformation is generated by the 

creep phenomenon since the maximum stress is lower than 

20MPa in the MEMS device while the yield stress of nickel is 

over 140Mpa [9].  

As shown in Fig. 5, near one micrometer gap difference 

was successfully observed by surface profiler. However, 

much fine gap difference measurement such as several 

hundred of nanometer is not easy to detect by the surface 
profile method. Therefore, we develop test setting based on 

capacitance measurement for more precise measurement.  

Fig. 6 represents the measured capacitance change with 

respect to the Joule heating time. The normalized capacitance 

difference in sensing plate was increased as time goes by 

with constant power (square dot) while the one in operation 

plate was decreased (circle dot) as time goes by. It means that 

the air gap is changed as the MEMS device is tilted by the 
plastic deformation along the time.  

Furthermore, the plastic deformation and time response 

can be used to achieve ultrafine tuning resolution through the 

precise time control. As shown in Fig. 6, the amount of the 

plastic deformation was precisely controlled in sub 100nm.  

 

 

Fig.6 Normalized capacitance difference vs. Joule heating 

time when Joule heating power is 0.08W. Normalized 

capacitance difference means air gap difference by plastic 

deformation.  

 
Fig.7 Normalized capacitance difference vs. Joule heating 

power during 10min. Temperature is increasing by 

increasing Joule heating power to accelerate plastic 

deformation process.  

 

Fig. 7 shows that the plastic deformation can be 

accelerated by increasing the Joule heating power. The creep 

phenomenon happens very slowly in room temperature [10]. 
The test MEMS device also showed very small plastic 

deformation even over 10hrs at room temperature. However, 

the amount is dramatically changed with Joule heating. At 

0.12W, plastic deformation amount is over 15% in just 10 

minute, demonstrating that the creep phenomenon can be 

accelerated by elevated temperature. 

Finally, the operation characteristic (C-V response) was 

evaluated. After the plastic deformation, the MEMS device 
works the same as the initial device does with only a 

capacitance offset generated by the plastic deformation 

technique, as shown in Fig. 8. It indicates that the proposed 

plastic deformation technique can be used independently 

while other device performances are unchanged. 
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Fig.8 Capacitance vs. voltage response before and after the 
plastic deformation for checking up operation characteristic 
changes 
 

CONCLUSION 
A new 3-D reshaping technique (plastic deformation) 

using solely electrical control was firstly proposed and 

demonstrated with the experimental results. Furthermore, the 

plastic deformation is realized with ultrafine resolution of 
sub 100nm level. The proposed technique is expected to be 

favorably used in many integrated MEMS devices where 

reshaping feature is required without any external 

mechanisms or instruments.  
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