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Abstract: Due to nanotechnology development, there is a
strong pressure on research in nanoscale in various
environments. An Atomic Force Microscope (AFM) allows to
investigate topography of the sample and give some information
about it’s chemical composition. During the last two decades,
the number of possible applications of AFM increased
considerably. The AFM investigates the forces between the
applied tip and the sample atoms. These forces are described by
Lennard-Jones function. The paper presents a theoretical
framework that explains a use of the AFM and presents the
recorded signals, applied for substance characterization.
Moreover, the preliminary results of the quartz surface
measurements are enclosed. The presented way of the collected
data analysis shows how to get parameters of the Lennard-Jones
function, characteristic for the investigated sample.
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1. INTRODUCTION

The fast development of physics and electronics
forced a creation of new microscopic devices which
enable investigation of wvery small objects. Such
investigation are important for technology improvements
and quality of various objects, e.g. ZnO varistors [1].

The first tool for morphological analysis of the
samples was the Scanning Tunneling Microscope (STM),
which bases on the tunneling current flowing through the
sample. This kind of research does not allow analysis of
the samples having high resistivity (e.g. isolators). The
AFM enables an examination of different materials (e.g.
conductors or isolators) [2]. That is why the AFM was
applied in quality control in optical industrial materials,
semiconductor and magnetic storage media, and in
crystalline sample structure analysis in chemistry and
physics studies.

The AFM operates on the force acting between
successive and repulsive atoms of the sample, placed on
the piezoelectric tube, and the atoms of the scanning tip,
placed at the free end of a cantilever [3]. Every surface
depressions and bulges indicate changes of the cantilever
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deflection. Typically, the deflection is measured using a
laser spot reflected from the top surface of the cantilever
into an array of photodiodes (Fig.1). The forces are
described by the Lennard-Jones function (Fig. 2), which
determines the strength between the atoms of the studied
sample and vibrating tip [4]:
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where: o — typical interatomic distance, Ay, — Hamaker constant,
R — tip radius, s — tip-sample distance

The Lennard-Jones function can also be described by
a depth ¢ of the potential well:
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where: o— typical interatomic distance, é— depth of the potential
well, s — tip-sample distance
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Fig. 1. Schematic illustration of the AFM device
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Fig. 2. Leonard-Jones force function with marked o, & and three
typical modes

In the non-contact mode [5], the cantilever is
stimulated by a sinusoidal voltage and oscillates over the
sample’s surface. As a result of interaction between the
sample’s and the needle’s atoms the cantilever’s
oscillations are not identical with the stimulating signal.
The Lennard-Jones function for non-contact mode is
almost linear, so that we can expect that the response of
the system will be close to a sine function.

Thus, the study of the stimulus signal and the
response signal can determine parameters of the Lennard-
Jones function and characterize the investigated sample.

2. SIMULATION

In order to assess different approaches to recover the
Lennard-Jones function based on the described
measurements, an input and an output signals were
modeled. As a base, the function with the following
parameters was used (Fig. 3):

A, =0.425.10"°[J]
R=10-10"°[m] ©)
f =17.97-10°[Hz]
o =0.35-10"°[m]

where: Ay — Hamaker’s constant for designed system, R — tip
radius, f — resonance frequency of scanning tip, o— typical
interatomic distance [4]

As the next step, the position within the Lennard-
Jones function at non-contact mode was selected. Then, it
is necessary to select small fragment of the Lennard-Jones
function in the non-contact mode, in which our tip is
oscillating (Fig. 4). The range should be small and belong
to the non-contact mode. In (4) are presented the assumed
parameters of the stimulating signal:

Amp =0.5-10"°[J] @)
F, =-29-10"°[J]

where: Amp —the amplitude of sinusoidal excitation signal,
Fo — bias shifting of sinusoidal excitation signal

Inverting the Lennard-Jones function having the
selected parameters from (4), an output signal was
determined. Both signals are presented on Fig. 5.
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Fig. 3. Modeled Leonard-Jones force function
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Fig. 4. Modeled Leonard-Jones force function with marked
excitation and output signals
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Fig. 5. Stimulation and output signal

Next, after ordering the samples, it is possible to
draw the chosen range of non-contact mode. Function
F(s) is presented on Fig.6. Next, a simple matrix
calculations allow getting the coefficients of the
reconstructed Lennard-Jones function and described by

(5).
In the calculation (5), the A matrix and stimulating
signal F (with the selected parameters from (4)) are used
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to calculate the constant coefficients of Lennard-Jones
function (c). The variable s, is a vector, which contains
distance values for which we want to restore the Lennard-
Jones function. After multiplying the vector s, and the
coefficients’ matrix ¢, we obtained reconstituted the
Lennard-Jones function F; (Fig. 7).
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where: A —matrix of the reversed distance powered to 2 or 8
respectively, C —matrix of the Lennard-Jones function
coefficients, F — excitation signal, s, — vector of distance
values for restoring the Lenard-Jones function,
A, —matrix of final recessed distance powered to 2 or 8
respectively, F,—vector of the Lennard-Jones function
for range s,
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Fig. 6. The simulated fragment of the Lennard-Jones function at
non-contact mode
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Fig. 7. The reconstructed Lennard-Jones function by simulating
signals of cantilever excitation and its vibrations; the bold
fragment correspond to the reconstructed fragment

It is possible to extract information about the
Lennard-Jones function parameters by analyzing
dependence between the stimulating signal and the answer
signal (vibrations of the cantilever). The presented results
(Fig. 6, Fig. 7) of the prepared simulations confirmed such
ability.

3. MEASUREMENTS

Measurements were made using a sample of quartz
surface. The AFM device collects data of a surface of
resolution 256 x 256 pixels. The device records three
channels: excitation harmonic signal, output signal of the
cantilever vibrations and signal of synchronization. The
tip moves between the consecutive pixels and collect data
at high level of the synchronization signal. This procedure
is repeated for the each row of the picture. Next, the tip
returns to begin scanning of the next row (Fig. 8). Each
row comprises 256 pixels and vibrations of the cantilever
have to be analyzed when the synchronization signal is in
high state (Fig. 8). The detailed graph of all three recorded
channels presents Fig. 10 (Syn - synchronizing channel,
Fv - excitation channel, Sy - vibrations of the tip). The
excitation (Fy) and vibrations of the tip (Sy) signals are
measured in volts, but they are proportional to the force
acting on atoms (F/) and the distance between them (Sy).
Both of dependences are linear. After selecting the
appropriate pieces of the recorded waveforms, we can
draw the fragment of the Fy(Sy) function (Fig. 10, grey
points) for all the measured pixels. The results exhibit
some random component due to interferences present
within the AFM device. The fragment of the investigated
Lennard-Jones function is obtained when the data are
averaged over the whole available pixels set (Fig. 10, bold
points).
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Fig. 8. The synchronization peaks packages of the recorded AFM
signals

The Lennard-Jones function was approximated
(Fig. 11) by fitting its fragment (Fig. 10) identified by the
averaged set, characteristic F(s) function was determined
(Fig. 11).

At this stage of research the measurements results
were not scaled (recorded voltage values) into force and
distance values due to lack of necessary data. The
considered measurements results of voltage values are
linearly dependent with force and distance values and
therefore all the presented considerations are valid
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without application of the mentioned scaling. The similar
assumption was taken elsewhere [6] when the normalized
differences in the Lennard-Jones function enabled
identification of the single atom.
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Fig. 9. The zoomed three channels of the recorded AFM signals:
synchronous signal (Syn), excitation signal (Fy), signal of
the vibrating tip (Sy)
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Fig. 10. The identified dependence between the excitation signal Fy,
versus the measured distance Sy and its averaged values
(black dots) within the measured data

4. CONCLUSIONS

The presented results describe theoretical
considerations how to determine the parameters of
Lennard-Jones function by the AFM microscope. The
exemplary measured data of the quartz layer were applied
to confirm a correctness of the proposed method. This
study determined rightly a type of the tested layer.
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Fig. 11. The approximated Lennard-Jones function by using the
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measured data for the quartz layer
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SYMULACJA | POMIARY W IDENTYFIKACJI SUBSTANCJI ZA POMOCA AFM

Stowa kluczowe: mikroskop sit atomowych, identyfikacja substancji, funkcja Leonarda-Jonesa

W zwiazku z rozwojem nanotechnologii, znaczaco wzrosta potrzeba badan mikroskopijnych obiektéw. Do takich
celow stuzy mikroskop sit atomowych (AFM), ktoéry umozliwia badania topografii probki oraz dostarcza informacji o jej
sktadzie chemicznym. W ciagu ostatnich dwoch dekad liczba mozliwych zastosowan AFM znacznie wzrosta. Mikroskop
AFM bada sity oddziatujace migdzy atomami igly skanujacej a powierzchnig probki. Sity te opisuje funkcja Lennard-Jonesa.
W pracy przedstawiono teoretyczne podstawy dziatania mikroskopu sit atomowych oraz rejestrowane sygnaty, stuzace do
identyfikacji badanej substancji. Przyktadowe badania wykonano na probce kwarcu. Przyjety sposob analizy danych
pokazuje, jak uzyskaé¢ parametry funkcji Lennard-Jonesa, charakterystycznych dla badanej probki.
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