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Abstract Nano-measurement systems such as scanning probe microscopes should be protected against external
disturbances. For the design of a scanning probe microscope, the external vibrations need to be characterized
and the vibrational properties of the structural frame itself should be modeled. Also, the influences of the
external vibration on the apparatus need to be known for its utmost precision. In this paper, the combined
vibrational-characteristics of the floor and the structural frame are analyzed and experimentally investigated.
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1. Introduction characterized and their influences on the scanning probe
microscope are evaluated. Moreover, the design strategy
Ultra-precision measuring apparatuses need to be for the structural frame combined with the vibration
constructed with the state-of-the-art components for their isolator is established.
best performances[1]. Even though the developed
apparatus shows the expected performances in the

laboratory conditions, the unexpected noise could be 2. Design of the structural frame
arisen in the practical site[2]. The possible causes for the

error are external disturbances such as a thermal Prior to a detailed design of frames for a scanning
fluctuation, an electro-magnetic influence, an acoustic probe microscope (SPM) such as an atomic force
excitation and a floor vibration caused by the laboratory microscope, the vibrational characteristics of the floor
utilities and the people’s walking[3]. Among the should be known. To design and analyze frames, the floor
disturbances, the suppression of the floor vibration is vibration is measured in typical laboratory conditions, as
indispensable to the most precise apparatuses. In this shown in Fig. 1. From the result, the floor vibrational
paper, the floor vibration properties are experimentally level is seen to vary with the frequency and the
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vibrational level is of the order of 10®meters. Typically,

buildings vibrate at frequencies between 10 and 100

Hz. These vibrations are excited by machines that run at

or ne€ar

the line frequency and by the associated

harmonics and sub-harmonics. The frame, walls, and

floors of a building mostly undergo shear and bending

vibrations that usually resonate at frequencies between 15

and 25 Hz. These values are directly related to the

maximum floor load with standard values of 500~1000

kg/m” in modern buildings[1]. The vibrational spectra of

buildings therefore frequently contain their largest maxima

near the third sub-harmonic of the line frequency, i.e., 15

~20 Hz, as in the example shown in Fig. 1.

The influence on the tip-to-sample distance of the

external perturbations described above can be reduced

through damping mechanisms and/or sufficient stiffness of

the basic SPM structure sketched in Fig. 2. The stiffer is

the structure, the lesser is the required damping.

To analyze the SPM structure that is incorporated with

a vibration-isolation system, a mathematical model is

depicted as in Fig. 3. Here, Z, Z,, and Z are the

displacements of the floor(ground), base of the isolator,

and tip of the SPM with respect to the inertial space

(L.S.), respectively, while d is the relative displacement

between the tip and the sample. The most important

parameter is d/Zg.
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[Fig. 1] Vibration spectrum of a typical floor in laboratory

conditions. As indicated, the maximum vibration
is 78 nm at 16.5 Hz.
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[Fig. 2] Schematic diagram of the scanning probe

microscope
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[Fig. 3] Mathematical model of AFM structure and
vibration isolation system. M, is the total mass
supported by frames, K,, and ¢, is the stiffness
and damping of the structure respectively, M,
K; and ¢ is the base mass, stiffness and
damping of the vibration isolation system,

respectively

The analysis of the SPM structure is summarized as

follows.

M,(d+2,)=~¢,d-K,d

M,Z,=¢,d+K,d-¢(Z,-2,)-K(Z, - Z,)

d (£./4.)
Hy=7"=7 > >
Z, J £ (amfg] M,
(1-=5) +| 25| ———
fm T f;ﬂ Mb+Mu
_Mb m ]+(4§m)2
e e )
(1

In the above, s, is the transmissibility from the base

to the relative displacement between the tip and the
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sample, g is the proportionality constant, fg is the ground
frequency, and fm:(I/ZJ[)(Km/M,,)D'5, which is the natural
frequency of the frame. An example plot of pm is

presented in Fig. 4.
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[Fig. 4] An example plot of i

From Fig. 4, for f;<fu, the response of the typical SPM
frame is seen to be less than unity and increasing with the
external perturbation frequency; this implies lesser
sensitivity than at higher frequencies. For f,=f., the
response is equal to the base excitation that needs the
vibration isolator. The modeling of the vibration isolator

is as follows[4,5].

A IV
“ \/(1—(,;/,:)2) +QG LI

In the above equations, fi=(1/2m)(K/. ,,+Mb)0‘5, which
is the natural frequency of the isolator. A typical example

of z; is shown in Fig. 5.
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[Fig. 5] An example plot of s

The value of g is unity at fg:(2)05f,- and as ¢
increases, z; increases. The purpose of the vibration
isolator in precision instruments is to reduce the level of
floor vibration for frequencies that exceed the natural
frequency of the vibration isolator. Accordingly, the

relative displacement (d) between the tip and the sample

with respect to the floor (ground) vibration is calculated

as follows.
d d Z,
/j:—:—)(—
z, z, Z,
=4 XU, (3)

Using Egs. (1) ~ (3), the response of the SPM structure
is simulated as shown in Fig. 6. Here, f,, is determined
from the simulation result of the designed structural
frame, as shown in Fig. 7 and f; is selected from the real
measurement of the transmissibility of the vibration
isolator, as shown in Fig. 8. As a guide for the frame
design, the resonant frequency of the vibration isolator
should be kept low while the resonant frequency of the

structural frame should be kept high.
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[Fig. ©] Simulation rtesults of the combined

transmissibility. fi and fm is 5 and 467 Hz,
respectively

Displocement Mag (WCS)
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[Fig. 7] 40 First resonant frequency (466 Hz) of the
designed structural frame of the TS-AFM
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[Fig. 8] Transmissibility of the vibration isolator

Finally, to evaluate the relative displacement (d)
between the tip and the sample with respect to the floor
vibration, the actual response (d) to the floor vibration,
which is experimentally acquired, is calculated through
the result of Fig. 1 and Egs. (1)~(3). From the result of
Fig. 9, the order of magnitude is 10"’ meters, which
confirms the highly stiff design of the structural frame of
the SPM.
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[Fig. 9] Relative displacement between the tip and sample
w.r.t. the floor vibration after suppressing via the
vibration isolator

3. Conclusions

The floor vibration characteristics are evaluated and
analyzed. To suppress the floor vibration, the vibration
isolator is wused and the stiff structural frame is
recommended. For the exact estimate of the apparatus

noise, the theoretical equations of the vibration isolator,
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the structural frame and their combined effect are derived
and simulated with some experimental measurements. The
frame, walls, and floors of a building mostly undergo
shear and bending vibrations( ~100nm) that usually
resonate at frequencies between 15 and 25 Hz. Their
influences on the relative displacement between the tip
and the sample after suppression via the vibration isolator
(5 Hz resonance) are the order of magnitude is 107"
meters errors with the proper structural frame design (467
Hz resonance). The design strategy described in this paper
would be helpful for the design of state-of-the-art

precision equipments.
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