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Abstract

In this paper, we report on design and simulation of a scanning probe micro-cantilever. The micro-cantilever
consists of a sharp silicon tip integrated at the free end of the silicon fixed-free beam. The micro-cantilever is
driven electrostatically using parallel plate capacitive-type actuation. The sharp silicon tip is in pyramid
shape, which is created by the anisotropic etching of single-crystal silicon in potassium hydroxide. An
electrode is spaced upper the back side of the cantilever with an air gap to form the capacitive-type
actuation. The operation characteristics of the scanning probe micro-cantilever are simulated by finite
element method. We study the displacement of the tip and the variation of capacitance depending on
applied voltage. The operation of the cantilever in air environment is also investigated. The micro-cantilever
is designed for application in the scanning probe lithography.

Keywords: Electrostatic actuator, unsymmetrical operation mode, scanning probe lithography.
Tém tat

Trong bai béo nay, chiing téi bdo céo vé thiét ké va moé phéng mét vi ddu do quét. Vi ddu do quét bao gém
mét mii nhon silicon, duoc tich hop & déu tw do cla thanh dam treo silicon. Vi dau do quét duoc diéu khién
tinh dién bang céch str dung chap hanh dang dién dung dién cuc song song. Mdi nhon silicon ¢6 dang hinh
chép tr gidc déu, duoc tao ra bang cach &n mon di huéng silicon don tinh thé trong dung dich kali hydroxit.
Mét dién cuc duwoc dat phia trén mat sau cta thanh dam treo véi mot khe hé dé tao ra chap hanh kiéu dién
dung. Céc déc trung hoat déng cua vi ddu do dwoc mé phéng bang phuwong phép phén ti hitu han. B6 dich
chuyén ctia ddu do quét va bién déi dién dung phu thudc vao dién ép tac dung da dwoc nghién ctu. Péc
trieng hoat dong cla déu do trong méi tredng khéng khi ciing duoc khdo séat. Vi ddu do duoc thiét ké cho
trng dung trong khac dau do quét.

T khéa: Chap hanh tinh dién, ché dd hoat dong khong ddi xirng, khac dau do quét.

1. Introduction

Scanning probe devices have proven to be a

major achievement in the field of micro-
electromechanical systems (MEMS) with important
applications, including atom orientation,

spectroscopy, biology, lithography technology and
the structural properties of material surface [1-6].
This paper focuses on an emerging application of
scanning probe to be nanolithography. The scanning
probe based lithography has been developed to
replace the conventional photolithography technology
due to disadvantages such as the resolution limited by
the optical diffraction phenomena and the
requirement of expensive equipments. The nanoscale
patterns can be fabricated by mechanically scratching
the sample surface by using the scanning probe [7].
The resolution of fabricated patterns depends on the
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sharpness of tip. The tip with the resolution of 30 nm
has been demonstrated in [8]. The obtained resolution
of patterns can be a few nanometers to several dozen
nanometers. There are several actuation methods
employed in the scanning probe based lithography
such as thermal bimetallic, piezoelectric, and
electrostatic actuation [9-12]. Compared with the
other actuation methods, the electrostatically actuated
probes have advantages of low power consumption,
low cross-talk between neighboring probes, and high
throughput.

This paper presents design and operation
simulation of a cantilever scanning probe for
application in nanolithography technology. Operation
characteristics of the scanning probe such as
oscillation frequency, operation mode, and operation
voltage are simulated by finite element method
(FEM) and verified by analysis expressions. The pull-
in effect affecting the operation of the scanning probe
is also studied. The deviation of the probe during the
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operation process is investigated in detail. This
research is to improve the precision control and
resolution of the lithography technology using
scanning probe.

2. Design of Scanning Probe Micro-cantilever

The structure of scanning probe micro-
cantilever is designed with an actuation beam. The
dimensions of the actuation beam, length (L), width
(w), and height (#) are 300 um, 30 pm, and 5 pum,
respectively. One end of the beam is fixed, the other
is free. A sharp probe tip is integrated at the free end
of the actuation beam. The tip has the atom-sized
pyramid shape, which is 14 pm bottom edge and 10
pm height.
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Actuation gap (g)

Fig. 1. Structure of the cantilever beam and probe tip.
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Fig. 2. Boundary conditions of the scanning probe
micro-cantilever.

The entire microcantilever, which is made of
single crystalline silicon, is operated in the air
environment. In order to actuate the tip, a fixed
conductive electrode is placed parallel to the back
side of the cantilever beam to form a capacitive
actuation. The gap of the capacitive actuation is 2
pm. The tip is driven by placing a control voltage on
the fixed electrode. The effect of electrostatic
attractive force makes the cantilever beam carrying
the scanning tip to vibrate. The structure of the
scanning probe micro-cantilever and its structure
parameters are shown in Fig. 1.

In order to simulate the operation characteristics
of the scanning probe, FEM is used. FEM is a
numerical method to solve problems described by the
partial differential equations with specific boundary
conditions. The basis of this method is to discretize
the continuous domain of the complex problem. The
constant domain is divided into sub domains (called
elements). These domains are linked together at the
nodes. On this sub-domain, equivalent vibration
problems are roughly based on approximate functions
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on each element, satisfying the conditions on the
wings with balance and continuity between elements.

Figure 2 illustrates an operation state and
boundary conditions of the scanning probe micro-
cantilever used in simulation. Boundary conditions of
the system are as follows: (1) one end of the
cantilever is fixed at x = 0 and (2) the other is free, as
shown in Fig. 2. The x axis is along cantilever length
and A(x) is the vertical deflection of cantilever at a
position x. The free vibration equation of the

cantilever is given as [12]:
o*w

4

X

El

— e’ A(x) =0, (1)

where E is the elastic modulus, / is the second
moment of area, w is the natural angular frequency
and 7 is the mass per unit length. The boundary

conditions for the cantilever beam are:
A(x)=0and A4(x)=0at x=0;
A(x)=0and 4" (x)=0at x=1L.

If we apply these conditions, non-trivial solutions of
Eq. (1) are found to exist only if

cosh(ﬁnL)cos(ﬂnL)H:O, )
where
neo’ )
()
The nonlinear equation, Eq. (2), can be solved

numerically for 8 L and the corresponding natural
frequencies of vibration are [12]:
1)

p nﬂfﬁ,
n

“or 2
Table 1. The values of g L and f, for first three

modes

4)

Mode B,L f, [ kHz]
1 1.875 76.651
2 4.694 480.604
3 7.855 1345.267

The values of f,L and f, for the first three modes
are shown in Table 1.
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Fig. 3. Mode shapes for the first three modes of
vibrating cantilever beam.
General solution of Eq. (1) is given by:

(cos ﬂnLJrcoshﬂnL)(sin ﬁnx—sinh /J’nx) (5)
sin 3, L+sinh B, L ’

ﬁzn =4 coshﬂnx—cosﬁnx +

The mode shapes of the cantilever beam are
illustrated in Fig. 3, each line shows the vibration of
the cantilever with a different natural frequency.

When control voltage is set on the fixed
electrode of the -cantilever actuation -capacitor,
electrostatic attraction makes the cantilever beam to
bend. If the voltage increases to a certain value, the
system nonlinearity appears that leads to the pull-in
phenomena. This voltage is called to be pull-in
voltage, Vi [13]. V)i is evaluated by

v, = 4B _ssav. (6)
gl'c; (1+c3 gj
w
Here ¢;=0.07, ¢2=1.00, ¢c3=0.42 and B is
B=ERg’ =1.7x107%. (7)

E is evaluated by

—0.056

0.98(L/h)
B i (W/L)I'37
=1y (8)
E 0.5+(W/L)

E is Young’s modulus and vis Poisson’s ratio.

The capacitance of the cantilever actuator is
calculated by expression:
S
C =22 _39.84 fF, )
g

where S is the effective back-side area (effective
capacitor electrode area) of cantilever and ¢, is the

dielectric constant of air.
When voltage applying on the micro-cantilever

is varied, g will change. This means that the
capacitance value depends on applied voltage on the
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cantilever beam. The gap is designed to be smaller
than one-third of the width of the cantilever. When
the actuator operates under atmospheric condition,
squeeze air film damping dominates [14]. The cut-off
frequency of the squeeze air film damping is [14]:

2 2
ﬂ-gpa
f;:—

o =2 MHz,

(10)

where, p_ is the atmospheric pressure. u is the

coefficient of viscosity of the air.

The operation frequency of the actuator is 75
kHz, smaller than the cut-off frequency. Therefore,
the squeeze film damping relating to viscous flow of
air is dominant. The quality factor of the micro-
cantilever (Q) is given by [15]:

o=-NEP [ﬁj (éj =2.66.
7] L w

Thus, Q is proportional to # and g and inversely
proportional to L and w. It is an effective way to
increase O by reducing L and w and/or increasing
either g or &. However, if L and w are decreased, the
effective capacitor electrode area S is consequently
decreased. This leads to the reduction in the actuation
capacitance. Moreover, the dependence of the
response characteristic of the scanning probe on time
shows that the Q value and resonant frequency affect
the response and recovery time [16].

(11

To achieve high performance, the actuator is
required to operate in the resonance mode. It is
excited by electrostatic force and there are two
applied voltage components on the actuator, direct
current (DC) voltage and alternating current (AC)
voltage. When the DC voltage is increased, the
resonance frequency of the actuator is decreased. This
effect is called the spring softening effect. The
actuator can be assumed to be a parallel-plate
capacitor. The natural frequency of cantilever is given
by [16]:

k g AV?
f=—" (12)
m mg
8EI
k:?, (13)

where £ is the stiffness coefficient, 7 is the moment of
inertia of the cross section, and m is effective mass.

3. Results and discussion

Under resonant condition, the cantilever reaches
a maximum value of oscillating amplitude. The
natural resonant frequency of cantilever is
characterized by using a sine wave applying on the
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cantilever beam. Using FEM, the first three operation
modes of the cantilever and their own resonant
frequencies are shown in Fig. 4. The resonant
frequency of the first mode, which is also the desired
operation mode of the scanning probe, is 75 kHz.
This first order resonant frequency is far from the
second mode (446 kHz), so the mechanical coupling
effect between the operation mode of the scanning
probe and other modes can be suppressed.

Model
= f=75242 kHz
(a) —

Mode2
f=446.503 kHz
b) -

Fig. 4. The natural vibration modes of the scanning
probe.

Mode3
I=475.428 kHz

(c)

In order to control and employ the scanning
probe in lithography process, the amplitude of the tip
depending on applied voltage needs investigated. The
dependence of the vibration amplitude of tip on the
control voltage is shown in Fig. 5. The displacement
of the tip can obtain to be 0.6 um under an applied
voltage of 24 V. Vpuiin is determined from simulation
to be 25 V.

0.7

—m— Simulation value

I/.

/

= 0.3 |

0.5
0.4

0.1 ./

0.0
4

16 20 24

Uqg V]

s 12

Fig. 5. Scanning probe tip displacements 4 as a
function of applied voltage U...

Figure 6 shows the C-V curve calculated for the
cantilever beam. This is consistent with the behavior
of an ideal parallel-plate capacitor. The capacitance
increases with the decrement of the distance between
the plates. However, this effect does not account for
all the change in capacitance observed. This is due to
the  gradual  softening of the  coupled
electromechanical system. This effect leads to a
larger structural response at a higher bias, which in
turn means that more charge must be added to retain
the voltage difference between the electrodes shown
in Fig. 6.
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Fig. 6. Actuator capacitance C vs applied voltage U..
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As pointed in Fig. 2, when the cantilever beam
is bent, the probe is deflected in the lateral direction.
This effect causes the probe to displace a distance a
compared to the initial position along the x axis. a is
investigated as a function of vertical displacement A4
as shown in Fig. 7. a linearly increases with 4.
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Fig. 7. Lateral displacement of the tip compared with
the initial position (a) as a function of the vertical
displacement (4).

When 4 is 0.6 um under the applied voltage of 24 V,
the a value is 37 nm. For the scanning probe
operating at a large actuation gap, the lateral
displacement of the tip can affect significantly the
precision in lithography process at the nanoscale.
Thus, the actuation gap and vertical displacement
should be properly designed.
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Fig. 8. Resonance frequency of the first mode vs
applied voltage.

Figure 8 shows the dependence of the frequency
of the first mode on U,. When U, is varied from 0 to
24V, the resonant frequency is changed from 74 kHz
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to 54 kHz. This effect needs to be taken into
considering the actuation of the scanning probe.
When the actuator operates with a high quality factor
(Q), the resonant frequency shift affects significantly
the actuation amplitude of the scanning probe. In this
case, the resonance peak of actuator is sharp and
highly sensitive to frequency shift.

(a)

Tip

(b)

ep———

Fig. 9. Schematic drawing of the improved scanning
probe (a) and the first operation mode of the
improved scanning probe (b).

In the above analysis, the scanning probes using
cantilever-type actuation structure in which the probe
is integrated at the free end of a fixed-free beam. The
operation mode of scanning probe is unsymmetrical,
which limits the controllable precision of
lithographed structures. So, we propose an
electrostatic actuator for improving the limitation in
lithography process causing by the unsymmetrical
operation mode of cantilever-type actuator as shown
in Fig. 9 (a). Fig. 9 (b) shows the first operation mode
of the improved scanning probe. In general, the
displacement of the tip quadratically varies with
applied voltage. To obtain a displacement of 0.6 um,
the scanning probe with the proposed fixed-fixed
beam type actuation needs an applied voltage of 40 V
instead of 24 V as in the case of the conventional
cantilever-type scanning probe. This applied voltage
is noticeably low compared to the previously
designed value. This is also preferred for the
application control.

4. Conclusion

This paper presents the design and simulation of
operational characteristics of a scanning probe micro-
cantilever. The operational characteristics of the
scanning probe micro-cantilever are simulated by
finite element method. The operation frequency of
micro-cantilever is 75 kHz. The tip of probe can
obtain a displacement of 0.6 um at an actuation
voltage of 24 V. The lateral displacement of the tip is
also investigated as a function of the vertical
displacement, which significantly affects the
precision of lithography process at the nanoscale. An
electrostatic actuator for improving the limitation in
lithography process causing by the unsymmetrical
operation mode of cantilever-type actuator is also
proposed.
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