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ABSTRACT 

In this paper, we design and simulate a micro-suspension based scanning probe for 
nanolithography using electrostatic actuation. The probe consists of a square plate with a 
pyramid tip at the center that is suspended by four beams. The entire probe is assumed to be 
made of single silicon and operated in air medium. Operation characteristics are analyzed by 
finite element method. The operation mode is symmetrical that overcomes the lateral 
displacement in the unsymmetrical operation mode of conventional scanning probe 
nanolithography, hence increasing the precision in lithographed nanostructures. The effect of 
electric field fringe and fixed electrode to the operation of the scanning probe are also analyzed 
in detail.   

Keywords: electrostatic actuator, symmetrical operation mode, scanning probe lithography. 

1. INTRODUCTION 

The scanning probe based lithography has been developed to replace the conventional 
photolithography technology due to disadvantages such as the resolution limited by the 
diffraction phenomena and the requirement of expensive equipments. In order to fabricate 
patterns on surfaces with nano-scale dimensions and precision, one can use an atomic force 
microscope probe coated with a chemical and slowly translated over the surface in contact mode 
[1 - 5].  
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The microscope scanning probes are not only known as imaging by scanning probe on the 
sample surface but also used to produce nano-scale patterns. From this point of view, specialized 
scanning probes have been researched and developed for nanostructure fabrication. The scanning 
probes usually use cantilever structure in which a probe is integrated at the free end of a silicon 
fixed-free beam. This structure can be controlled by three actuation methods such as: thermal 
actuation method, piezoelectric actuation method, and electrostatic actuation method [6 - 8]. The 
operation mode of scanning probe is unsymmetrical, which limits the controllable precision of 
lithographed structures. We proposed a fixed-fixed beam structure with an electrostatic actuator 
for improving the limitation in lithography process causing by the unsymmetrical operation 
mode of cantilever-type [9]. Comparing with cantilever beam structure, at same size, stiffness of 
fixed-fixed structure is lager, pull-in voltage increases significantly. However, the fixed-fixed 
beam structure can’t fabricate tip array on a probe. 

In this paper, we propose a symmetrically operated electrostatic actuator to increase the 
accuracy in nanolithography by suppressing lateral displacement. Due to the rectangular plate 
has high hardness compared to the suspending beams, so it does not be bent when impacted. We 
also investigated fringe field effect by changing the area of the fixed plate. In addition, 
electrostatic force also makes the beam stiffness alter, which causes the displacement of the 
beam and capacitance changed. Compared to the fixed-fixed beam structure, the capacitance of 
actuator is also increased. When actuated, the plate displaces parallelly to the sample surface, so 
we can integrate a tip array on the plate and increasing throughput nanolithography [10]. 
Moreover, with micro-suspension structure we can adjust operating frequency more flexible.  

2. DESIGN OF MICRO-SUSPENSION STRUCTURE 

In conventional design, the scanning probe is often based on cantilever-like structure as 
shown in Fig. 1 (a). When the cantilever is actuated in vertical direction, there is a lateral 
displacement. This lateral displacement is significant, when the amplitude of vertical actuation is 
large. This effect can cause difficulty for control, even error in lithography process at nano-scale. 
Taking this effect into considering, we propose an electrostatic actuator for improving the 
performance of scanning probe nanolithography.   

A schematic drawing of the proposed micro-suspension electrostatic actuator is shown in 
Fig. 1 (b). A square plate with a pyramid tip at the center is suspended by four simple beams, and 
the whole structure is assumed to be made of single crystal silicon. In order to actuate the probe 
there is a counter-electrode in parallel with the back side of the probe. To analyze the structure, 
several assumptions are used: 

- Single crystal silicon is isotropic material that has the same properties in all directions. 
- The bending of beams conforms to Euler-Bernoulli beam theory. 
- The plate is a rigid body in which deformation is neglected. 

The natural frequencies of the structure are calculated by lumped-parameter method. Each 
beam is transformed into a linear mass-spring with equivalent stiffness keq, equivalent mass meq 
and connected in parallel, shown in Fig. 2. When an applied force F on the end of the beam, the 
deflection curve of the beam ν(x) is derived by solving four-order ordinary differential equation 
of beam [11 - 12]. 
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The boundary conditions of the fixed-slide beam are: 

(0) 0,  '(0) 0ν ν= =  

 

Figure 1. Structure of the conventional scanning probe (a) and the proposed micro-suspension electrostatic 
actuator (b). 

 

Figure 2. Equivalent Lumped-parameter model of the micro-suspension electrostatic actuator. 

( ) ,  '(L) 0L zν ν= =   

where, E is the Young’s modulus, I is the cross-sectional moment of area with respect to axes, L 
length of the beam, and z is the vertical displacement of probe. The deflection curve and 
maximum deflection of the beam are: 
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From (2.3), the equivalent stiffness of beam along y and z directions are: 
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The equivalent mass of beam is derived by using Rayleigh method that is calculated from 
equation [13]: 
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where, ρ  is mass density, A(x) is cross-sectional area of beam. 
max

( )
( ) ( )

x
f x

ν
ν

=  is bending 

distribution function. Solving (2.5) we obtain: 

13

35eqm m=                                                                        (2.6) 

where m is the mass of beam. 

The natural frequency of structure can be calculated by 

1
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where 4 ,   4eq eq plateK k M m m= = +  and platem  is the mass of plate. 

The natural frequency of the first order mode (vertical flexural mode) is 
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The natural frequency of the second order mode 2
y
ndf  (lateral flexural mode) is  
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The probe resonantly operates in the first order mode, because the natural frequencies of the 
first order mode and the second order mode are discrepant enough to prevent mechanical 
coupling between two modes. The discrepancy between the natural frequencies of two modes 

fδ  is defined as: 
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                                                                  (2.10) 

By substituting (2.8) and (2.9) into (2.10) fδ  becomes: 

100 1f

w

t
δ  = −  

                                                                      (2.11) 

The displacement of the tip is measured by capacitance change. The capacitance of 
structure C consists of parallel capacitance Cparallel and capacitance caused by fringe effects 
Cfringe, which is calculated by 

4( )plate plate beam beam
parallel fringe parallel fringeC C C C C= + + +                                         (2.12) 
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where, εo is the dielectric constant of medium, S is the area of electrodes, and g is the gap 
between the two electrodes.                     

 

Figure 3. (a) The fixed electrode area is equal to the entire back side area of the probe. (b) The fixed 
electrode area is equal to the backside area of the plate. 

Here, fringe capacitance can be caused fringing fields by the circumference of the plate and 
spring beams. There are two cases used for actuating the probe. The case 1, the counter electrode 
is placed on the whole structure as shown in Fig. 3 (a). In this case, Cfringe is caused not only by 
the fringing field by the plate but also the spring beams. The case 2, the counter electrode is 
directly placed only on the plate (Fig. 3 (b)), so the Cfringe is only caused by fringing field around 
the circumference of the plate.  

Table 1.  Parameters of the micro-suspension. 

 Length Width Height 

Beam 300 µm 7 µm 5 µm 

Plate 100 µm 100 µm 5 µm 

Tip 14 µm 14 µm 10 µm 

 From the above analysis, we calculate, design, and simulate a micro-suspension scanning 
probe with parameters shown in Table 1. The designed gap between the two electrodes is 2 µm. 
The simulation of scanning probe is carried out by finite element method (FEM) in Comsol 
Multiphysics. Comsol Multiphysics is a powerful interactive environment for modeling and 
solving all kinds of scientific and engineering problems. Especially, Comsol Multiphysics 
provides a MEMS module for modeling and simulating MEMS devices such as actuator, sensor 
oscillators, filters and so on.  

3. RESULTS AND DISSCUSION 

Figure 4 shows the vertical flexible mode shape of the scanning probe by FEM. The 
operation frequency of the first mode is 56.662 kHz, while the second mode is 86.612 kHz and 
the discrepancy between the two modes fδ  is calculated to be 46 %. Using the above 

parameters, we also calculated the natural frequencies of the first and second mode are
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1 60.432z
stf kHz=  and 2 84.605y

ndf kHz= , respectively, so, the discrepancy between the nature 

frequency of two modes fδ  is 40 %. The analytical results are suitable to the FEM results. The 

error between the calculation and simulation is defined as%error 100 fem a

a

f f

f

− 
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 
, the errors 

for the first and second mode are -6.2 % and -2.4 %, respectively. The first mode error is higher 
because the plate is stiffer in the lateral flexible mode, which is more consistent with assumed 
rigid body. 

 

Figure 4. 3D view of the first operation mode of the scanning probe. 

 

Figure 5. The vertical displacement of the scanning probe tip investigated as a function of                             
applied voltage for case 1. 

The displacement of the tip is controlled by applied voltage. For the case 1, the 
displacement of tip dependent on applied voltage is investigated and shown in Fig. 5. For 
electrostatic actuation, the scanning probe will be crashed into sample surface if the displacement 
is larger than g/3. This is due to pull-in effect occurring in the parallel-plate electrostatic 
actuation [14]. Therefore, we ensure that the scanning probe is operated in the safe region in all 
time by using suitable operation voltage. For this structure, when applied voltage is about 19 V, 
the displacement is about 5.2 µm nearby the unsafe region. 

In order to integrate the scanning probe into the controllable electronic circuit, the 
capacitance of actuator has to be large enough. The dynamic capacitance of structure dependent 
on applied voltage is shown in Fig. 6. For this actuator, the capacitance changes from 126 fF to 
149 fF. The calculated result at g = 2 µm is 118 fF. Comparing with simulation result above, the 
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error is -6.8 %. The increase in capacitance consistent with two attracted electrodes. The 
capacitance is larger compared to the fixed-fixed beam type-actuator, with the same area of 
electrode. Because the area of side wall is larger, the capacitance caused by fringe effects is 
larger. 

In order to consider the effect of electric field fringe and fixed electrode to the operation of 
the scanning probe, we have investigated the two cases of actuation electrodes as shown in Fig. 
3. The effect of fixed electrode area on the structure is shown in Figs. 7 and 8. In the both cases, 

 

Figure 6. The parallel-plate actuator capacitance of the scanning probe simulated as a function of              
applied voltage for the case 1. 

 

Figure 7. The displacement of tip depends on applied voltage at different plate widths. In the case 1,                
the fixed electrode area is equal to the entire back side area of the probe. In the case 2, the fixed               

electrode area is equal to the back side area of the plate. 

the dimensions of the beams are fixed and the width of plate is 100 µm. In Fig. 7, at the same 
value of applied voltage, the displacement of tip in the case 1 is larger than in the case 2. Since 
the electrostatic force exerting on the probe in the case 1 is larger. In other word, the electrostatic 
force reduces the stiffness of the beams. In addition, due to the large side wall area, effect of the 
electric field is significant in the case 1. The displacement of the tip is significantly reduced 
when no voltage is applied to the side wall of the probe. 

In the case 1, there are additional capacitances between beams and fixed electrode and due 
to the fringe effect, the capacitance of structure is larger than for the case 2, shown in Fig. 8. 
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Additional capacitance due to fringe field is significant in the case 1, so it becomes important to 
calculate total capacitance of the structure. When the displacement changes, the capacitance 
disparity between the two cases is insignificant. Since change in additional capacitance is slight. 
Change in capacitance between a beam and the fixed electrode is investigated as a function of 
displacement at the end of the beam shown in Fig. 9. For a displacement about 0.51 µm, the 
change in capacitance is about 1.5 fF. The capacitance depends linearly on the displacement. In 
the case 2, the capacitance at the gap of 2 µm is 46 fF in simulation and 48 fF in calculation, the 
error between calculation and simulation is 4.1 %. In order to select the appropriate capacitance 
for controlling the probe, we investigated the dependence of capacitance on the plate width. Fig. 
10 shows the capacitance values in the two cases with the change in plate width at the constant 
gap of 2 µm. With a plate width of 500 µm, capacitance value in both cases is larger 1 pF and 
depends primarily on the plate area. 

 

 

Figure 8. The capacitance of structure investigated as a function of the displacement with different                
plate widths. In the case 1, the movable electrode area is the entire back side of the probe. In the case 2, the 

movable electrode area is the back side of the plate. 

 

Figure 9. Capacitance between a beam and fixed electrode investigated as a function of displacement at 
the end of the beam. 
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Figure 10. Capacitance of structure at the gap of 2 µm forthe case 1 with capacitance C1 (line with              

black symbol), for the case 2 with capacitance C2 (line with red symbol), and the capacitance ratio C2/C1. 

4. CONCLUSIONS 

 We reported on a symmetrically operated electrostatic actuator for improving the 
performance of scanning probe lithography. An analytical approach to evaluate the natural 
frequencies and capacitance of the probe was presented and verified by finite element method. 
The operation characteristics wee analyzed by using finite element method, which werecompared 
with the fixed-fixed beam-type actuator. The effect of electric field fringe on the operation of 
scanning probe was also investigated. A scanning probe structure with actuation capacitance 
larger than 1 pF can be realized by choosing suitable designing parameters.   
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