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A method which allows scanning tunneling microscopy (STM) tip biasing independent of the sample
bias during frequency modulated atomic force microscopy (AFM) operation is presented. The AFM
sensor is supplied by an electronic circuit combining both a frequency shift signal and a tunneling
current signal by means of an inductive coupling. This solution enables a control of the tip potential
independent of the sample potential. Individual tip biasing is specifically important in order to
implement multi-tip STM/AFM applications. An extensional quartz sensor (needle sensor) with a
conductive tip is applied to record simultaneously topography and conductivity of the sample. The
high resonance frequency of the needle sensor (1 MHz) allows scanning of a large area of the
surface being investigated in a reasonably short time. A recipe for the amplitude calibration which
is based only on the frequency shift signal and does not require the tip being in contact is presented.
Additionally, we show spectral measurements of the mechanical vibration noise of the scanning
system used in the investigations. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4936975]

INTRODUCTION

Measurements of the conductivity and the local poten-
tial of nanostructures are of great interest.' In order to
yield comprehensive information about conductivity of 3D
down to 1D nanostructures, four probe measurements are
required to get rid of contact resistances. Besides charge
transport measurements via lithographically structured con-
tacts, multi-tip scanning tunneling microscopy (STM) has
also been recently used to study charge transport in nano-
electronic devices.>™ As nanoelectronic devices consist of
(semi) conducting parts as well as insulating parts, the use of
frequency modulated atomic force microscopy (FM-AFM)’
combined with STM'? is desirable in order to access these both
parts of the investigated sample. AFM provides topography
information independent of the resistivity of the observed
structures, while STM fulfills the demand of the conductivity
measurements, down to the atomic scale.

The topography signal requires a bandwidth on the order
of kHz in order to acquire a topography image of the microm-
eter scale in a reasonable time. The resonance frequency of
the quartz resonator used as a FM-AFM probe plays a crucial
role in the limitation of the bandwidth. Additionally, a small,
compact, and multi-tip measurement instrument, where all tips
are positioned independently in the sub-micrometer scale, re-
quires micrometer lateral sizes of the quartz resonator. Among
few types of quartzes'! accessible in the market, the needle-
sensor'>~'* satisfies these needs completely. Its eigenfrequency
can be chosen from 640 kHz to 2 MHz, while its footprint is
in tens of the micrometer range only.'>!° This quartz resonator
as the FM-AFM probe is both electrically excited and its
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mechanical oscillations are electrically detected simplifying
mechanical construction and wiring of the AFM scanner. This
becomes a great advantage when the multi-tip scanning probe
microscopy (SPM) is required.

The last requirement which is met in four-tip conduc-
tivity measurements concerns independency of potential sett-
ing onto each tip with respect to the sample potential. In
common applications, the potential of the tip with respect to
the sample is simply created by the bias voltage applied to
the sample, while the tip is on the virtual ground of the input
amplifier. In the case of the four-tip measurements, such a
solution cannot be used, because each tip has to be biased
independent of the other tips. The known and utilized solution
is mounting an electrically isolated tip on the quartz resonator,
which is done for a gPlus sensor'” and a needle sensor as
well.!® Nevertheless, such a circuit increases the number of
required electric pins from 2 up to 3, and in the case of
the multi-tip construction, it increases the complexity of the
wiring, e.g., shielding, feed-throughs. In order to avoid this
problem, an inductive coupling of the frequency shift and the
tunneling current is presented and considered in this paper
showing its utility in fast scanning of a complex sample. Sim-
ilar to the topography image, the tunneling current through
conductive parts of the sample can be imaged simultaneously.
This imaging mode is analogues to conductive atomic force
microscopy.'’

In addition, we present a method for the oscillation ampli-
tude calibration which can be performed by a free oscillat-
ing tip. Finally, the noise density of the scanning system is
measured in the STM and AFM operation mode and then
discussed.

©2015 AIP Publishing LLC
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ELECTRONIC SETUP

The tunneling current circuit and the frequency shift cir-
cuit are combined by means of a transformer, as shown in
Fig. 1. The primary coil is driven by the output signal of the
frequency demodulator (at around the resonance frequency
of the sensor). The secondary coil provides the sinusoidal
signal to the quartz and additionally allows for a flow of the
current from the tip to the current-to-voltage (I/V) converter.
The tunneling current is typically a low frequency signal with
a bandwidth of a few kilohertz chiefly determined by the I/V
converter, while the resonance frequency of the needle sensor
quartz is above a few hundred kilohertz.!"'® This means that
both signals are separated in the frequency domain by about
three orders of magnitude. This allows the utilization of just
bandpass filters instead of more complex frequency detec-
tors in order to electrically separate them. The I/V converter
acts intrinsically as a low pass filter,'®?° while the frequency
demodulator circuit requires a high pass filter, when a modu-
lation of the tip bias voltage is established. Measurements
have shown that a second order passive filter with a cut-off
frequency of about 200 kHz applied at the output of the FM
preamplifier fulfills this requirement (Fig. 1). It is reported
in Ref. 21 that the virtual ground is modulated by tunneling
current oscillation at quartz frequency and this modulation
can perturb detected oscillations from the quartz through the
coupling capacity. In the presented circuit, the capacity be-
tween resonator electrodes plays this role, which equals about

sample I/V converter
_,_—-:— —— )
ground tip tunneling
current I
needle transformer
sensor Vpias
frequency
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demodulator | 77|
fin |
high pass filter Ay
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FIG. 1. Block diagram of the scanning probe microscopy, where the mea-
sured signals, frequency shift Af, and tunneling current It are combined in
one by means of inductive coupling (transformer). In this solution, the sample
can be grounded (or put on a constant bias potential) independent of the
tip bias voltage; only two wires are necessary to connect the probe, here a
needle-sensor. The diagram shows additionally the z-signal feedback loop,
while x-y movement is omitted. The switch SW connects either Af or It to
the feedback loop of the topography signal.
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0.5 pF'® for a 1 MHz needle sensor. The mentioned virtual
ground modulation arises from the relatively low slew rate of
the used operational amplifier (here OPA111%?). Nevertheless,
this effect can be neglected due to much higher inner imped-
ance of the virtual potential (non-inverting input of the opamp)
than impedance of the FM preamplifier, both in the case of
KolibriPreamp?? or voltage preamplifier.'¢

The transformer contains a grounded shield between its
coils to avoid infiltration of interference with the highly sensi-
tive I/V converter input from the primary coil. In general, the
wiring of high impedance signals must be done with sufficient
attention concerning shielding, grounding, and reducing of
parasitic capacitance.’>*? Therefore, a double shielded coaxial
cable (triaxial cable) and an appropriate UHV feed-through
were used to build a common branch from the secondary coil
up to the probe.

The inductive coupling presented here enables the possi-
bility to set the sample at a given potential independent of the
tip bias voltages; in particular, the sample can be grounded.
The potential of the tip with respect to the sample is set by the
so-called voltage shifter®® to a value which is delivered to the
Vhias input. This allows constructing the multi-tip SPM with
simultaneous recording of the tunneling current and frequency
shift of all probes. Additionally, such a solution reduces the
number of wires going to a probe sensor to the absolute mini-
mum, i.e., two. This makes multi-tip SPM construction simpler
and more compact.

The easyPLL device?’ has been used as a frequency
demodulator in tracking mode®® with a constant mechanical
oscillation amplitude. In this mode, there are two feedback
loops in order to maintain oscillations. One keeps mechan-
ical amplitude constant independent of varying damping of
the quartz oscillation giving information about this damping
factor (dissipation output), and the other feedback channel
follows (tracks) changes in resonance frequency, which are
proportional to the tip-sample force gradient, by maintaining
a constant phase of the sinusoidal signal (frequency shift Af
output).

APPLICATION

In Fig. 2, a large scale fast scanned image of the AFM
topography, as well as a tunneling current image, is presented.
A small piece of the logic part of an integrated circuit has
been scanned in about 25 min (size 8 ym X 8 um, 1024
x 1024 points). The investigated sample was polished in or-
der to uncover the metallic pins. During the scanning pro-
cess, the frequency shift was used as the z-feedback signal,
while tunneling current was recorded as a free signal.”’ So,
the AFM topography image (Fig. 2(a)) reflects approximately
a surface of constant force gradient. In the tunneling cur-
rent image (Fig. 2(b)), the grey background reflects the non-
conductive substrate, the current equals zero, and bright spots
reveal conductive parts, here metallic pins.

Due to the polishing process, the nonconductive part of
the sample is also locally scratched which is visible as darker
lines and spots in the topography signal. The simultaneously
recorded current image does not reveal such features, which
is illustrated in Fig. 3, where height profiles along the red
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FIG. 2. Scan of the logic area of an integrated circuit. (a) AFM topography
and (b) tunneling current images. Metallic pins are visible in both images
(bright dots); however, additionally, some features located on the nonconduc-
tive substrate are visible only in the AFM topography scan. Scanning speed:
about 6 umy/s, set point of the frequency shift: +30 Hz, frequency demodu-
lator bandwidth: 400 Hz, tip bias voltage: —0.7 V, oscillation amplitude: 0.8
nm, height in topography: up to 10 nm, and recorded current: up to 20 pA.

lines in Fig. 2 are presented. It can be concluded that both
signals are independent in the sense of the imaging process of
the investigated surface. It has been noticed that a tunneling
current spreading in the sample can modify the capacitive
electrostatic force between the tip and the sample.* However,
this does not apply to the present case, since this change is
significant only on the semiconductor samples with relatively
high resistivity in the order of Q cm, and higher. In the case of
the metallic pins (high conductance), the mentioned effect is
negligible.
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FIG. 3. Profiles along the red lines in Fig. 2. Apart from apparent pins,
the AFM topography reveals dimples, marked by red arrows, which are not
recorded in the current signal. The latter reveals only the metallic pins of the
investigated sample.
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The average height of the pins is about 5 nm (see Fig. 3),
which is a large distance on the atomic scale; nevertheless, fast
scanning was still possible at about 6 umy/s. This is due to the
high resonance frequency of the needle sensor of 1 MHz. It
means that the tip advances laterally along the surface about
6 pm per oscillation period, while, e.g., using tuning fork
quartz,’! this distance would be equal to about 180 pm at the
scan speed mentioned above.

Detailed images of a single pin are shown in Fig. 4. Apart
from the dimples mentioned above, a small piece of material
is also present on the substrate, marked by a red arrow. This
feature is not detected in the current signal, likewise, giving
the simple conclusion that it is non-conductive material. As
it is seen in Fig. 4(b), the tunneling current recorded from a
metallic pin varies along a lateral distance; this can be due to
contaminants on the sample surface which were not cleaned in
the usual way under UHV conditions.

It is worth noticing that the bandwidth of the frequency
demodulator was set to 400 Hz, which is not the maximum
value accessible with the easyPLL device, namely, 1300 Hz.
On the one hand, narrowed down bandwidth reduces maxi-
mum possible scan speed; on the other hand, the total noise
increases with the bandwidth to the power of 1.5.3% In the case
of 400 Hz, the frequency shift noise is reduced almost 6 times
in comparison with 1300 Hz, resulting in a more stable process
of scanning. This shows that the bandwidth of the frequency
demodulation is not the only crucial parameter in fast scanning
of large areas.

AMPLITUDE CALIBRATION

The mechanical oscillation amplitude is an important
quantity in FM-AFM and several methods have been pro-
posed in order to determine this quantity.'”->*33 The method
described in the following is based on considerations reported
in Ref. 34, however, applied for completely electrically de-
tected deflection signals.

In order to estimate the amplitude A, the analysis of the
spectral noise of the frequency shift signal is performed. It is
known that this noise consists of three components, namely,
detector, thermal, and oscillation noise, given by the following

Topography (AFM) Tunneling Current

a

FIG. 4. Image of a single pin. (a) The AFM topography and (b) tunneling
current. A nonconductive structure is visible in the AFM image, marked
by a red arrow, while it is not recorded in the tunneling current. Scan area:
0.5 um x 0.5 pm, scanning speed: 1 umy/s, set point: +9.5 Hz, frequency
demodulator bandwidth: 400 Hz, the tip bias voltage: —1.0 V, oscillation
amplitude: 0.8 nm, and tunneling current range: up to 10 pA.
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Six physical quantities are involved in the calculation of these
noise components, namely, temperature T, spring constant k,
resonance frequency fy, quality factor Q, mechanical oscil-
lation amplitude A, and detector floor noise ng. All terms
depend on the reciprocal of the amplitude A. Additionally, the
detector noise depends linearly on the modulation frequency
f. These two facts enable the possibility to estimate two of
the six quantities. The first four parameters mentioned above
are relatively easy to determine; thus, amplitude and detector
noise can be determined by means of fitting the simulated total
noise to the experimentally measured noise spectrum.
The resultant spectral noise is described as follows:

Npeg (f) = \/[ndetect (f)]2 + [nlherm]2 + [nosc]z- (4)

The experimental data can be fitted by a function with two

parameters a and c,
n(f) =+af?+c, S)

which are related to the amplitude A and the detector floor
noise ng as

. [4keT  Qf,
mk 4C()2 - af02 . (6)
a
=/=A
Ilq 3

Finally, the amplitude coefficient C which relates the electrical
readout voltage to the mechanical amplitude is given by

_Av |V
C= A [nm]' @)

Experimental data of the frequency shift noise obtained from
two readout amplitudes, 25 mV and 50 mV, are shown in Fig. 5,
squares and triangles, respectively. Fitting of the theoretical
data was performed for the following input quantities: T = 298
K (ambient temperature), k = 1.7 MN/m,* f, = 996 681 Hz,
and Q = 15.4 k (two last obtained from the resonance curve);
for these numbers, in particular this temperature, the oscil-
lation noise contributes less than 2% to the constant noise
component. Nevertheless, the fitting procedure includes the
oscillation noise in order to provide Equation (6) to be accu-
rate also for low temperatures or low Q-environments. The
best fit, shown in Fig. 5 as solid lines, was simulated for the
oscillation amplitudes 42 pm and 84 pm, at 25 mV and 50 mV
of the readout amplitude, respectively, and a detector noise of
ng = 0.76 fm/+y/Hz. Hence, the amplitude coefficient C equals
0.595 V/nm. This value is in good agreement with the value
obtained from a method relying on the measurement of the
tunneling current proposed in Ref. 33, namely, 0.61 V/nm. The
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FIG. 5. Experimental determination of the amplitude coefficient C per-
formed for two readout amplitudes Ay: 25 mV and 50 mV; theoretical
simulations (blue and green lines) are fitted to the experimental data, lines
and symbols, respectively, for a known readout amplitude Ay. The detector
and thermal noise components are shown as a dashed line and a dotted line,
respectively; the former depends linearly on frequency, while the latter is con-
stant as a function of frequency, enabling the determination of the oscillation
amplitude as well as the detector noise nq. The number of averaging of the
shown data equals to 30.

coeflicient can also be calculated from sensor and preamplifier
sensitivity,36 which results in a value of 0.63 V/nm.

However, this coefficient should not be treated as a funda-
mental value because it depends on (i) the amplification of the
preamplifier and high pass filter (if applied), (ii) rectifier gain
in the amplitude determination circuit scheme, (iii) damping in
the cables, and (iv) sensitivity of the used quartz. Therefore, the
amplitude calibration should be conducted whenever someth-
ing is changed or replaced in the detector circuit. The ampli-
tude calibration method presented here is a fast and efficient
procedure which does not require tip-sample interaction.

In the last part of this Chapter, we derive the relative uncer-
tainty of the amplitude from Eq. (6). The parameters a and c
are obtained from the fitting procedure and their uncertainties
u, and u. as well. Therefore, both numbers are correlated and
the relative combined uncertainty?’ expressed from Eq. (6) is

given by
(u;)z 1 (4Q2uc+fo2ua)2 ®)
A 4\ 4Q%c —f%a |
The Q and fj are obtained from the same measurement of

the so-called resonance frequency curve; therefore, these two
correlated quantities deliver next contribution as follows:

(u;\’)z_ 1 [4CQ2+afOZ]2(uQ . ufo)z ©
Al 4 [4cQr-af2] \Q o) [”

where ug and u, are uncertainties of the Q factor and resonance
frequency, respectively. The uncertainties of the remaining

quantities, k and T, which can be treated as uncorrelated,
contribute to u, in the following way:3’

T TERTCT

where uy and ut are uncertainties of respective quantities.
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Thus, final relative uncertainty of amplitude determination taking into account the three mentioned above contributions is

given by

<

N ( TA%K

A~ 2\ \4gTRQ

where the terms in the denominator in Eq. (8) and in square
brackets in Eq. (9) were expressed into physical quantities
using Egs. (1)-(3) and (5). The first term in Eq. (11) has
been reaching about 0.5% for the spectral noise, shown in
Fig. 5, acquired by a spectrum analyzer.®® This means that
the amplitude can be determined with an accuracy of about
1 pm by means of the described fitting procedure. It is worth
mentioning that the term in the square brackets for a high
enough Q factor and low enough detector floor noise ng is close
to 1; therefore, the amplitude uncertainty is mainly determined
by the highest relative uncertainty of k, T, Q, or fj,.

SCANNING SYSTEM NOISE

In this section, the tunneling current noise and the fre-
quency shift noise are used in order to deduce information on
the mechanical vibrations of the scanning system. There are
two main reasons for noise: thermal vibrations and resonances.
In general, the former have continuous spectral density, and
the latter have a discrete spectrum. Both occur as mechanical
noise or electronic noise in the system. However, in the case
of complex systems, usually no more than two noise sources
play a major role. It stems from the summation rule of energy
carried by these components, i.e., the resultant value of a given
measured signal is the square root of the sum of the squares
of particular noises. In practice, a noise contribution with a
magnitude of less than 50% of the reference level can be
neglected, because its contribution to the total noise is lower
than 10%. Additionally, the magnitude of various noises can
differ several orders in a given system.

The intrinsic noise of the scanning system (SPM scan-
ner) was investigated using the STM/AFM probe being in
contact mode. Theoretically, when the tip-sample distance is
small enough, the noise of the tunneling current or the force
gradient is related to mechanical oscillations of the scann-
ing system. In other words, in such a case, the probe acts
as a mechanical noise detector. On the other hand, due to
drift effects, it is impossible to maintain a constant tip-sample
distance for a sufficient time, which is required to conduct
appropriate measurements. Therefore, the distance is stabi-
lized using the z-feedback loop but with a long response time
of the proportional-integral (PI) controller.?® This ensures that
all signal components with frequencies above the reciprocal of
the response time are transmitted through the PI controller and
do not influence the tip-sample distance. In our experiment, the
PI time constant was set to about 100 s, which is long enough
to record intrinsic SPM scanner noise from 1 Hz. Finally,
knowing the functional dependence of the recorded signal with
respect to the tip-sample distance, one can directly estimate
equivalent mechanical noise for a given system.

2
) (4Q%u, + fozua)2 +1+

mnzfok
ksTQ

[ I R E

In the case of the tunneling current, such a dependence
is well known and established as an exponential function,'?
while frequency shift dependence is rather not described by
an analytical function.*>*! However, the measurements per-
formed for the investigated system and sample have shown
that the frequency shift can also be described as an exponential
function for a quite wide range of tip-sample distance, as
shown in Fig. 6. In this figure, both dependencies are presented
in a log scale revealing their exponential character within a
certain range of tip-sample distance. Starting from the expo-
nential dependence of the signal,

S(z) o e, (12)
and differentiating it,
8S = xS (z) 8z, (13)

one gets the following term for equivalent mechanical noise
along the z coordinate:

68
Z_KS(Z)’

where K denotes the slope coeflicient of the linear fit, and 8S
denotes the total noise measured for a given signal S, here
tunneling current or frequency shift, at a given z position,
which is determined by the set point S(z) and maintained at
this equilibrium position by the slow feedback loop.
Measurements were performed at a few chosen set points:
three for tunneling current and two for the frequency shift.
The results are presented in Table 1. The calculations include

(14)

410 &
- Af . a
~ Linear fit to Log(Af) =y . 408 E'
- I'r =}
= Linear fit to Log(l,) | _ - 106 &
=S loa @
5 )
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FIG. 6. Dependence of the frequency shift and a tunneling current recorded
simultaneously, black and blue dots, shown in log scale versus tip position
(inset: in linear scale). The exponential part of both signals is approximated
by a linear function in log scale, green and red lines, respectively. The noise
analysis was performed within these exponential ranges.
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TABLEI. Equivalent z-noise of the scanning system obtained from detection
of tunneling current noise and frequency shift noise at a slow response of the
z-feedback loop.

Set point Measured noise Position z-noise Detector inner
It o(Ir) 8z noise

8.0 pA 2.65 pA-rms 16.6 pm-rms 0.15 pA-rms
18.0 pA 3.86 pA-rms 10.7 pm rms

39 pA 8.44 pA-rms 10.8 pm-rms

Af d(Af) 0z

-5.9Hz 0.20 Hz-rms 12 pm-rms 0.05 Hz-rms
-7.3Hz 0.23 Hz-rms 10 pm-rms

intrinsic noise of the detector 8S in the following way:

8S = /825, — 625y, (15)

where 8S,, is the noise recorded in contact, and 8S; is the
detector noise, i.e., recorded when the tip is out of contact.
The latter is shown in the last column. Values &z obtained
from tunneling current and frequency shift are in agreement,
which means that the results are independent of the detector
type. The noise of the high voltage z-amplifier (see Fig. 1) was
equal to about 0.1 mV-rms; this value is transferred to z-noise
through piezo-constant, 5.6 nm/V, and leads to a component
equals to about 0.6 pm-rms, which can be neglected. It is
obvious that the considered z-noise equivalent value includes
also mechanical vibrations in x and y directions. Nevertheless,
the measured signal dependence is rather strongly dependent
on the z-coordinate than on x-y; otherwise, significant changes
of the signal would be observed that are caused by thermal
lateral drift of the tip-sample system.

Values of the total noise presented so far do not deliver
information about the character and the origin of the mechan-
ical noise. Therefore, simultaneously with measurements of
the total values, a spectral analysis of the noise was performed
as well. The results are presented in Figs. 7 and 8, for the
tunneling current and the frequency shift, respectively.

1/f noisleJ

1000 |

100 |

Tunneling Current set point:
out of contact

—8pA - B
——39pA 1 GQ resistor noise I

Tunneling Current Spectral Noise [ fA / VHz ]

1 10 100 1000
Frequency [ Hz ]

FIG. 7. Spectral noise of the tunneling current recorded for: tip out of contact
(black line) and chosen set points in contact mode (red and blue lines). The
latter include square root subtraction of the free tip noise, Eq. (15). In the
case of the tip in contact, a 1/f dependence is readily noted. It is most likely
that the peaks at higher frequencies arise from mechanical excitation of the
parts of the sample holder.
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I v Shi i
1/f noise I Frequency Shit set point:

‘_ - QUL Of cOntact

------ -5.86 Hz

----733Hz

0.01

1E-3

Frequency Shift Spectral Noise [ Hz / VHz |

Frequency [ Hz ]

FIG. 8. Spectral noise of the frequency shift. Again, the 1/f noise is observed.
The 2 Hz peak comes from resonance frequency of the spring suspension
system.

Interestingly, the spectral noise reveals 1/f dependence of
the mechanical vibrations for both cases. The same depen-
dence was observed for tunneling current and reported in
Ref. 42. It is known that such a kind of noise is the effect of the
stochastic behavior of nature,**** including striving to the ther-
mal equilibrium of the considered system. Detailed research
of the so-called floor noise performed for other reasons in FZJ
laboratories reveals also 1/f dependence (Ref. 28, Figs. 3.22
and 3.23). It is most likely that this floor noise is transferred
through the SPM damping systems and observed in present
results. In such a case, about a 108 factor of suppressing can
be estimated. Nevertheless, independent of the source of the
observed system noise, the nature of the 1/f noise stays the
same. The figures show also another conclusion, namely, that
in the case of the tunneling current, the equivalent z-noise
dominates over the detector noise even for small set points,
while in the case of the frequency shift, only a minor part
for low frequency is above the frequency shift noise obtained
from the “free” tip oscillations. The border frequency, here
about 10 Hz, is far lower than the expected bandwidth, at
least 1 kHz; therefore, the intrinsic vibrations observed in the
scanning system play a minor role in comparison with the
recorded frequency shift noise. With an increased oscillation
amplitude, frequency shift noise can even be lowered.

CONCLUSIONS

The inductive coupling makes it possible to control the
potentials of the tip and the sample independently, which
straightforwardly leads to an application in the multi-tip SPM
construction in order to perform, i.e., four-tip conductivity
measurements. FM-AFM combined with STM enables inves-
tigation of conductive parts situated on a non-conductive
substrate. Fast acquisition of the topography signal is possible
due to a high resonance frequency of the applied needle
Sensor.

The presented amplitude calibration provides value with
relatively high accuracy, <1%. It does not require the tip being
in contact, which makes it easy and fast to apply. The spectral
noise measurements of the mechanical vibration in the used
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scanning system reveal 1/f noise, which is the fundamental
type of noise met in the environment.
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