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Abstract -In this paper, the sensitivity of axial vibration for a Scanning near-field optical microscope probe with a
crack has been studied. An explicit expression for the sensitivity of axial vibration modes of the cracked probe has
been obtained using the relationship between the resonant frequency and contact axial stiffhess of the probe and
sample. Results show that the sensitivities of the three modes of the cracked probe are higher than those of the probe
without crack when the contact axial stiffness is low. When the contact axial stiffness is high, however, the situation
is reverse. Therefore, a cracked probe can be used for imaging soft samples such as biological molecules and
polymers. In addition, the crack near the free end of probe that leads to a higher sensitivity. This is useful for the
design of a highly sensitive probe.
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1. Introduction

The scanning near-field optical microscopy (SNOM) has become one of the major proximal probe
technologies. SNOM can be used not only to obtain high resolution images beyond the diffraction limit of
light but also to fabricate nanometer-scale structures through material removal, modification, and
deposition as shown Dereux et al. (2003), Haumann et al. (2005), Girard et al. (2006), Kim et al. (2007)
and Tseng (2007).The fiber probe is the key element of the SNOM and can perform various physical
thermal sources refer to Kaupp et al.(2001), Kaupp et al. (2006), and Drezet et al. (2007).

In the last few years, many researchers have had a growing interest in studying the flexural and axial
sensitivities of vibration modes. For example, Fang et al.(2003) assumed the optical fiber probe had a
uniform circular cross-section and studied the dynamic responses of the probe, including the analyses of
the cylindrical probe’s sensitivity to axial and flexural vibration. They found that each mode had a
different mode shape and a different sensitivity, affected by the rigidity of the probe and the surface’s
properties. Chang et al. (2005) studied the scanning near-field optical microscope with a tapered optical
fiber probe’s flexural and axial sensitivity to vibration, and found that the flexural and axial sensitivities
of the tapered probe were more sensitive than the uniform probe when the contact stiffness was low.
However, the situation was reversed when the contact stiffness became higher.

Cracks may be induced in the SNOM’s probe due to fabrication process or under service loading.
During scanning, cracks will affect the sensitivity of the SNOM. Nevertheless, to our knowledge, there
has been no exploring of the vibration behavior of a probe with crack. In this paper, the crack is assumed
to exist in the probe and is modeled as an elastic axial spring connecting two undamaged beam segments
shown as Morassi (2001). In addition, the effects of crack parameter, and crack location are studied.

2. Analysis

A schematic diagram of a SNOM with an optical fiber probe that is fixed at one end as depicted in
Fig. 1. The probe is assumed to have a uniform circular cross section with radius R, its length is L. For
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simplifying the problem, the cladding of an optical fiber probe is not taken into account in this paper. The
probe interacts with the sample that is modeled by axial spring stiffness, K. In addition, we assume that
the probe has a crack at a distance D from the fixed end and an elastic axial spring with spring stiffness K.
is used to simulate the crack and the probe is divided into two segments by the crack shown as Kumar
(2009). The governing equation of axial vibration for the probe with a crack can be expressed as
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where X is the distance along the center of the probe, t is time, Ui(X,t) and Ux(X,t) is the axial
displacement of both segments, respectively, and E , A, and m is Young’s modulus, cross sectional area
and mass per length of the probe, respectively.

The corresponding boundary conditions are

U,(0,)=0 3
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Eq.(3) is the condition of the probe end being fixed, and Eq.(4) is the force balance at X=L.

According to the continuity conditions in displacement and axial force between two adjacent portions
of the probe due to the presence of the longitudinal spring stiffness is obtained by the following jump
conditions as[3]
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In order to find the longitudinal vibration frequency, the following harmonic solution is assumed:

U, (X, 1) =W, (X )e"

(7
U, (X, 1) =W, (X)e"* (8)
where s the longitudinal frequency.
The dimensionless variables are defined as follows:
X:X/L’ U1=W1/L, UZZWZ/L, b:D/L,
k,=K,L/EA  f=vo’ml*/EA k = KL/EA 9)

where b, and, ke, denote dimensionless crack location, and spring stiffness parameter of crack,
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respectively, g and k are dimensionless longitudinal frequency, and spring stiffness interaction between
probe and sample, respectively.

Substituting the harmonic solution given by (7) and (8) into (1) -(6) and using the dimensionless
variables given by (9), the governing equations, continuity conditions and associated boundary conditions
can be simplified to the following dimensionless forms:

ﬂ+ﬂ2u =0
dx? s 0<x<b (10)
d?u, ,
+f°u, =0
dx? . , b<x<1 (11)
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u, (1) =k, () (15)

Solutions of Egs.(10) and (11) can be found in the following forms:
U, (X) = A cos(Bx) + B, sin(/3x) (16)
U, (X) = A, COS(BX) + B, sin(/3x) (17)

Using the continuity conditions Egs. (12) and (13), the boundary conditions Egs.(14) and (15), the
eigenfunction of longitudinal vibration frequency can be obtained as:

F(k, B) = (B — 2kk_)sin(B) + B sin(3 — 2b ) — (2k. + k) cos(B) —k Bcos(B — 2b3) =0 (18)

According to the dimensionless variables 3=+ @?mL*/EA given by Eq. (9), the frequency is
obtained and given by

fo@_ B
27 27mL*/ EA (19)

Finally, the dimensionless sensitivity Sa of the cracked SNOM probe can be expressed as follows:

S, =27ml*/E %: OF / ok

OF /0B (20)

where £ can be determined from Eq.(18).
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Fig. 1. Schematic diagram of a cracked probe of a SNOM in contact with a sample. The interaction with the sample
surface is modeled by axial spring stinffness, K and the crack is modeled as a axial spring stinffness, K.

3. Results and Discussion

The main purpose of this paper is to study the effects of crack parameter, and contact axial stiffness
on the sensitivity of the vibration modes of a cracked probe of SNOM. The modal sensitivity is defined as
the change in the axial frequency of the mode to the change in the tip-sample interaction. In order to know
In order to know the effect of relative parameters on the sensitivity of a cracked AFM cantilever, we
considered the geometric and material parameters as Table.1 shown as Chang (2000). The dimensionless
axial sensitivities, Sa, of the first three vibration modes for a cracked probe with D/L = 0.9, k= 0.1 are
depicted in Fig. 2. When there is no crack in the probe, it can be seen that the probe is sensitive to
changes in the contact stiffness. The low-order vibration modes are more sensitive than the high-order
modes when the axial contact stiffness is lower. The first mode was most sensitive. However, when the
contact stiffness becomes large, the situation is reversed. These phenomena are the same as those of
previous work shown as Chang et al (2005). The cantilever becomes less stiff due to the presence of a
crack and that affects its sensitivity. Therefore, the sensitivities of the three modes of the cracked
cantilever are larger than those of the cantilever without crack when the normal contact stiffness is low.
However, the situation is reverse when the contact stiffness becomes large. This is because a soft
cantilever is suitable for imaging soft samples. In addition, the crack effect on the sensitivity is more
significant for the higher-order modes.

The dimensionless sensitivity of mode 1 as functions of crack location and axial contact stiffness for
the probe is illustrated in Figure 3. The elastic energy of a cracked probe during scanning obviously
decreases as the crack is close to the free end. The crack near the free end shows significant changes in
the frequency. Therefore, the sensitivity is high for a larger value of D/L.

The crack parameter indicates crack configuration and crack depth and is related to the changes of
natural frequency and sensitivity of cantilever. The dimensionless axial sensitivity of mode 1 as functions
of axial contact stiffness and crack parameter for the SNOM’s probe is depicted in Figure 4. A crack
makes the probe locally less stiff because of the added flexibility. Therefore, the sensitivity of the cracked
probe increases with increasing value of crack parameter when the contact stiffness is low. However,
when the contact stiffness becomes large, the situation is reverse. It implies that a lower sensitivity is
obtained for a softer cantilever scanning a stiffer surface.

Table. 1. Parameters for an optical fiber SNOM probe.

Young’s modulus E (GPa) 72.5
Density p (g/cm3) 2.2

Probe length L (« m) 1500
Cylinder radius R (1 m) 62.5
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Fig. 2. The crack effect on the dimensionless sensitivity as a function of contact axial stiffness.
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Fig. 3. Dimensionless axial sensitivity of mode 1 as functions of crack location and axial contact stiffness for the
SNOM’s probe with k;=0.1.
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Figure 4. Dimensionless axial modal sensitivity of mode 1 as functions of axial contact stiffness and crack parameter
for the SNOM’s probe with D/L=0.85.
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4. Conclusion
In this paper, the effects of crack parameter, and crack location on the axial sensitivity of a probe of
SNOM have been analyzed. According to the analysis, the following results are obtained:

1. When the contact axial stiffness is low, the sensitivities of the three modes of the cracked probe
were larger than those of the probe without crack. When the contact axial stiffness becomes
large, however, the situation was reverse.

The crack effect on the sensitivity was more significant for the higher-order modes.

The crack was closed to the free end of cantilever that made a higher modal sensitivity.

4. When the contact axial stiffness was low, the sensitivity of the cracked probe increased with
increasing value of crack parameter. However, the situation was reverse when the contact axial
stiffness became large.
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