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ZrO, nanocomposites were investigated considering their perspective

application in hygroelectric power elements. Scanning probe microscopy (SPM)

techniques allowed to visualize the surface topography and electrical properties. In

this work was compared spacial charge behaviour of sample in humid and dry air

conditions. Also different SPM modes were compared.

Kelvin probe force microscopy (KPFM) was applied to characterize the

spacial charge distribution on surface of the sample. Measurements showed, that

trapped charge is not dissipated and can be manipulated with low voltages. Humidity

influence on the electric potential of the sample was shown.
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List of abbreviations

AFM Atomic Force Microscopy
CAFM Conductive AFM
EFM Electrostatic force microscopy

HR-TEM  High-resolution electron microscopy

KPFM Kelvin probe force microscopy

MFM Magnetic force microscopy

NSOM Near-field scanning optical microscopy
PU Polyurethane

SNOM Scanning nearfield optical microscopy
STM Scanning Tunneling Microscopy

TSM Thermal scanning microscopy

uv ultraviolet

Cr-AFM  Contact-resonance AFM

ESR-STM Electron spin resonance-STM

FMM Force Modulation Microscopy
Ic-AFM Intermittent contact AFM

MRFM Magnetic resonance force microscopy
NC-AFM non-contact AFM

PDM Phase Detection Microscopy

SGM Scanning gate microscopy

SHPM Scanning Hall probe microscopy

SICM Scanning ion conductance microscopy

SPSTM Spin polarized STM

SVM Scanning voltage microscopy / Nanopotentiometry

TMAFM  tapping mode AFM



Introduction

The phenomena of static electricity in the air has been known to humanity for hundreds of
years. Nikola Tesla work [1] was the first paper concerning electricity stored in air. In the
beginning of the 21% century, atmospheric energy has started to be investigated. However, the
formation and release of electricity from water droplets in the atmosphere has been a very
complicated subject to investigate. Therefore any existing developments in this field are far from
producing an effective model, which could describe the ongoing processes.

The motivation of this work was to investigate the properties of ZrO, based
nanocomposites by means of Kelvin Probe Force Microscopy, therefore merging both the
perspective material application and method of study. Second interest was to find out capabilities
of various SPM modes (e.g. AFM, KPFM, and PF-TUNA). The “Bruker Multimode 8” device
allowed to conduct the semicontact AFM topography measurements at the same time with KPFM
measurements. Second important feature of the device is that it supports gas measurement cells,
allowing to perform measurements in controlled atmospheric conditions.

Due to the prospective properties of transition metal oxides nanoparticles, the desired study
was carried out. Thin films of ZrO> based nanocomposites were produced on a glass substrate with
aluminium electrodes. The material’s electrical properties were investigated in idea of possible
application as a power generation cell. It was presumed to measure surface morphology and
electrical properties in different relative humidity. KPFM is an appropriate high-resolution
technique for such investigations. The number of papers, concerned with fundamentals of KPFM

and its application for electrical properties research of nanocomposite materials grows each year.



1. Literature review on hydroelectricity

A wide array of methods already exist in the field of energy extraction from the
atmospheric water. The first and basic one is Hydroelectricity. Hydroelectricity is the production
of electrical energy from the gravitational force of the flowing water. It is the most widely used
renewable energy form up to the day. The basic operational method of a power plant is shown in
Figure 1. The kinetic energy of flowing water is applied to the turbine, which rotates the generator,

which produces electricity as follows from the Faraday’s law of induction.
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Figure 1. Schematic of the hydroelectric power plant.

This method has a lot of advantages such as lack of CO2 emission and low costs of electrical
power. Both advantages come from the absence of fossil fuels burning. However, there are some
disadvantages. Traditional hydroelectric power stations require dams, which can cause damage to
the local ecosystem. Climate changes also have an effect on the energy production. River flow is
affected by different parameters e.g. temperature and pressure. Therefore with climatic changes,
effectivity of the old generation systems can drastically decrease. Moreover, a risk of dam failure
exists, which can lead to a disaster.

Different physical and chemical methods of energy generation from water have been
developed in the past years. Several other methods use an idea of producing hydrogen, which later

can be used as a fuel. These methods will be discussed further in details.



1.2 Photolysis

Photolysis is a method of electricity production from water. About 6 eV is required to break
the H-O bond. Attempts have been made to produce a direct photolysis device, but the method is
found to be unpractical due to the spectrum of the sun, with photon energies below 3 eV.

Plasma-induced photolysis [2] is a possible upgrade of photolysis method. Plasma could
be used to produce high-energy photons that could be used to dissociate water molecules.
However, the efficiency of such method is doubtful.

1.3 Photosynthesis

One fascinating source of hydrogen is photosynthesis. Artificial photosynthesis is a field
of extensive research.

Natural photosynthesis has been an inspiration for the scientific community. Plants use
light to oxidize water to O [3]. Extra electrons are used by organisms to reduce carbon dioxide,
and produce proteins, lipids and carbohydrates. Under certain conditions, production of hydrogen
is also possible [4]. A way to mimic the antennae effect (Fig. 2 (A)) is to collect energy from
photons and transfer it to a reactive center to achieve charge separation [5]. Spatial charge
separation can be achieved by dyad and tryad models, which are based on the interaction between
a photosensitizer and donors or acceptors (Fig. 2 (B)). Current multi-electron redox catalytic
processes research is focused on two independent half-reactions of oxidation or reduction of water

with acceptors or donors and a suitable catalyst (Fig. 2 (C)).

(A) (5] (8) H,O (C)

Figure 2. Schematics of different artificial photosynthesis approaches. (A) light harvesting array that
transfers energy to a reactive center; (B) dyad and triad models of charge separation; (C) multi-electron

photocatalysis. D is donor, A is acceptor and P is photosensitizer [5].



Organic photosensitizers (photosensitizer is a molecule that produces chemical changes in another
molecule) (Fig. 3, 4) have drawbacks if we would try to build a fully molecular device. Mechanistic
analysis has shown that sometimes both ways of photosynthesizing reactions (Fig. 4) are
thermodynamically feasible [6] and under other circumstances electron transfer would be
thermodynamically unfavorable [7]. These complications require a comprehensive study to be

effectively implemented into an effective device.

Figure 3. Possible structures of organic photosensitizers [5].

1.4 Splitting of water

Photoelectrochemical splitting of water can be achieved with semiconductor
photoelectrolysis. TiO2 electrodes under UV irradiation have shown efficient performance at water
dissociation [8-10]. The process is based on generation of electron-hole pairs in surface layers, the
capture of charge carriers by adsorbed molecules and formation of active oxidative environment
on the surface, that also disintegrates organics [11, 12].

Photochemistry investigates patterns of electromagnetic radiation influence in visible and
ultraviolet regions of the spectrum on the reactivity of chemical systems. When a chemical system
Is exposed to electromagnetic radiation of visible or ultraviolet regions of the spectrum, the kinetic
energy of electron changes. An excited molecule, that has excessive energy, is formed. The
distribution of electron density in the excited molecules is significantly different from the electron
density distribution in non-excited ones. Vibrational motion energy of the nuclei increases.
Physical and chemical properties of the excited molecules differ from the properties of the

molecules in the ground state.
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Figure 4. Schematic representation of photosensitizing mechanisms. (A) Reductive mechanism; (B)
oxidative mechanism [5].

The primary stage of the elementary photochemical reaction is the interaction of the
molecule with a quantum of electromagnetic radiation, after which the molecule’s electron gets to

the excited state: A + hv — A*. Then the excited molecule is involved into one or another chemical
or physical process:

a) Intermolecular conversion reaction of A* - A* - B

b) Decay reaction of A* into B and D radicals - A* — B+D

¢) Interaction reaction with molecules present in the system - A*+B —AB

d) Deactivation of A* as a result of interaction with other molecules - A*+M —- A+ M
e) Deactivation of A* by irradiation of energy quantum - A* — A + hv

In order to understand the process of water dissociation, reactions inside the semiconductor should
be discussed.
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Figure 5. Schematic illustration of basic processes in semiconducting material after absorption of a photon

with energy higher than band gap.

According to modern concepts, electrons in semiconductors can be in two states: free or
bound. The amount of energy, higher than the band gap Eg, has to be expended to transfer an
electron from a bound state to the free state. This energy can be obtained from the quantum of
electromagnetic radiation hv. Thus, when light is absorbed, a free electron and an electron vacancy
are born in the volume (in physics of semiconductors, such electronic vacancy is called a hole).
Electrons and holes are very mobile, and moving in the bulk semiconductor, some of them
recombine, and some come to the surface and are captured by the surface. Processes in the bulk
semiconductor are schematically shown on Figure 5.

a) electron-hole pair appearance under UV irradiation
TiO, +hv — hy " +ec

b) donor oxidation (D)

c) acceptor reduction (A)

d) surface recombination
(Ti*OH’)* + Red — Ti**OH + Red™,
ey + Ox — Ti**OH + Ox™,

e) bulk recombination
11



ec + (Ti*OH')* — Ti*"OH
h * + Ti*OH — Ti**OH

where e¢ is conduction band electron; ey is trapped conduction band electron; huw" is
valence band hole; Red is electron donor (reductant); Ox is electron acceptor (oxidant); (Ti**OH")*
is surface trapped valence band hole(surface hydroxyl radical) and Ti**OH is surface trapped

conduction band electron. CB and VB are conduction and valence band.

Captured surface electron and hole are quite specific chemical species. For example, an
electron is probably on Ti** surface, and a hole (electron vacancy) is localized on the surface lattice

oxygen forming O". They are extremely reactive. In other words a chain of chemical reactions is

expected:

e+O2 —>02_ (1)
02—+e—>022——>o—+o— )

2— +
05~ +2H" - H,0, 3)
0 +e—02" 4)
H202+e—>OH +OH™ (5)
O~ +H" >OH (6)

holes react with water:

h+H,0—>OH+H™ )

or any adsorbed organics:

h+CyHyO; >CyxH, 0, +H™ (8)

y-1
A disadvantage of TiO: is that it does not absorb visible light but only ultraviolet, which limits its
use. It was shown [13] that the band gap of TiO- can be decreased. Optical absorption spectra of
chemically modified TiO2 (Fig. 6) shows that threshold wavelength (fundamental absorption edge)
can be moved closer to the visible light (in other words, band gap of the active material can be

reduced), therefore enhancing effectiveness of water splitting into hydrogen and oxygen.
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Figure 6. Optical absorption spectra of TiO, before and after chemical modification [13]. Straight lines correspond

to fundamental absorption edge.

1.5 Polymer nanocomposites

Recently, polymer nanocomposites have become a target of intensive research [14, 15, 16].
The effect of nanoparticles is explained by the increased amount of interface between the polymer
matrix and nanoparticles compared to particles of larger size (Fig. 7). Material properties depend
on mechanisms taking place at interfaces. The interaction zone dominates the material when the

size of particles is less than 100 nm.
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Figure 7. Surface to volume ratio of nanocomposites, as a function of particle size [16].
Nanocomposites are studied for their electrical and mechanic properties. Considerable
attention is paid to insulation materials, based on nanocomposites. Dielectric nanocomposites can

find applications in devices that use static electricity.
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Doping a polymer matrix results in creation of a new material, which parameters do not
directly depend on parameters of its constituents. Therefore, it is possible to obtain specific desired
properties of new materials by controlling a number of parameters. The parameters are: particle
size, amount of particles, particle material, polymer matrix material, preparation methods etc.

Bonding of nanoparticles can be arranged in different ways, e.g. through the tethering of
polymer chains [17]. Different positions of dopants in the matrix result in different electrical
properties. For example (a) and (b) in Figure 8 are polar, but (c) is non-polar. This would have an

impact on the properties of material.

cszo\\ CH3 XCHE
C2Hs O — Si — CzHs — NHz CH3 _gi— N— si—CH3
CaHs 0 cm3 ~ @ Nom
(a) ()
i
g ©
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Figure 8. Examples of functionalization forms that can be used to enhance polyethylene/SiO;

nanocomposites properties [16].

It is important to ensure proper dispersion of particles in the matrix. Therefore, fabrication
requires the application of shear stress, utilizing ultrasonic or mechanical mixers. Type and quality
of assembly should be investigated in details [18]. Electrical strength of nanocomposites changes
when filler particles achieve nanometric dimensions. This is in contrast with micro-sized particles

where electric strength is reduced due to defects.
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Figure 9. Voltage endurance characteristic for nano and micro sized particles [16].

Voltage endurance is the time, which the material can withstand without breakdown in a
certain electric field strength. Voltage endurance of the material improves with addition of
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nanoparticles. Up to 2 orders of voltage endurance magnitude have been achieved in different
composites. Implementation of nanoparticles lead to a substantial benefit in lifetime (Fig. 9).

1.6 Zirconia dioxide based nanocomposites

Studies of electrical properties of zirconia dioxide based nanocomposites have shown
positive influence of nanoparticles doping [19]. Zirconia crystallite particles of 8.4 nm size and 8
nm size doped with 4 mole% yttrium oxide were used as filler particles [19]. Ethanolic suspensions
were prepared by high energy ball milling of precipitates. Polyurethane (PU) sols containing Zr
particles were prepared and applied onto copper substrates by spraying and thermally cured.
Zirconia particles were chosen because they are available in size ranges around 10 nm. Such small
particles allow a homogenous distribution of organic and inorganic phases to be formed in a
relatively small area. Prevention of nanoparticles agglomeration is one of the key aspects of
nanocomposites preparation. Surface free energy has to be reduced to overcome particles
attraction. High resolution transmission electron microscopy (HR-TEM) has shown (Fig. 8) well
dispersed nanoparticles inside the PU matrix. A sufficient amount of interface between

nanoparticles and the polymer matrix can be formed only without particles agglomeration.

Figure 8. HR-TEM images of zirconia nanocomposites: (A) non-doped zirconia; (B) Yttrium doped zirconia [19].
A partial discharge stability was measured with a plane-plane electrode arrangement cell.
2.5 kV sinusoidal voltage of 1 kHz was applied to the samples up to the breakdown voltage. PU
coatings without filler particles have shown lifetime of 2.5 hours, whereas PU nanocomposites
with zirconia particles have shown 65 hours lifetime. Even better result was achieved with yttrium
doped zirconia particles with lifetime 130 hours. Local electrical discharge appears in dielectrics
under alternating electrical field. This leads to temperature increase and degradation of the

material.
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1.7 Electrostatic experiments with humidity

It was shown [20], that electrostatic potential of noncrystalline surface changes with
relative humidity of the atmosphere. The authors made an assumption that water molecules carry
an excessive charge. It was also shown that surfaces of different materials interact differently with
water droplets, resulting in negatively and positively charged particles.

Electrostatic charging of aluminum phosphate particles and silica particles investigation by
Kelvin probe force microscopy showed change of surface’s electrostatic potential corresponding

to the value of relative humidity.

o -1.3 -1.44
200.00 nm 750.00 x 750.00 nm 200.00 nm 750.00 x 750.00 nm

Figure 9. Surface potential images of aluminum phosphate films. (a) relative humidity 30%;
(b) relative humidity 50% [20].

It can be seen in Figure 9 that additional humidity increases average surface potential, since
histogram moves to more negative values. Potential gradients within random lines show high
electric fields up to 4MV/m, parallel to the surface (Fig. 10). The surface is electrically rough,
which means that it is formed by fixed charges and there is no conductive aqueous film. Figure 10
shows that humidity change produces an irreversible effect and smoothen local spacial charge
distribution. The same investigation was done on the silica films. It was found that extra humidity
led to decreasing of the average surface potential.
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Figure 10. Electric potential gradients after equilibrating. (a) 30%-70% RH; (b) 70%-30% RH [20].
Results of this investigation demonstrate that atmospheric water is a source of charges that
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can be exchanged with solids by water adsorption and desorption. Different materials result in

different reactions and different possible voltages.
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2. Methodical section

2.1 Scanning Probe Microscopy (SPM), classification

Scanning probe microscopy is one of the modern methods of a high-resolution surface
morphology investigation. In 1981 G. Binnig and H. Rohrer developed a scanning tunneling
microscope. It was shown that such approach to surface investigation with a probe station was
effective and possible to be implemented. Nowadays, almost every investigation in the field of

surface physics or thin films includes SPM methods.

PDM
cr-AFM ESR-STM
FMM SVM 4
- 4 , ¢ SPSTM
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y MRFM
MFM
EFM

Figure 11. Scanning probe microscopy family [21].
Short time after the tunneling microscope, a wide array of scanning probe devices

appeared. They were based on the same principle of probing the surfaces by physical probe.

Figure 11 illustrates the family of scanning probe microscopy devices. Each of the methods
distinguishes different types of signals such as current, voltage, capacitance etc. This thesis is
oriented on a variety of methods i.e. AFM, KPFM, PF-TUNA.

2.2 Atomic Force Microscopy (AFM), principle of operation

Atomic force microscopy is a method to study local properties of surfaces. It is based on
interaction of van der Waals forces acting between the investigated surface and a probe’s tip. AFM
was developed in 1986 by G. Binnig, K. Quate and K. Gerber. Now with AFM, it is possible to

18



measure different parameters such as local mechanical properties of the surface, topography,

friction, stiffness.

Photodetector
Laser beam

Cantilever

Figure 12. Operational principle of AFM [Image courtesy of Connexions, Rice University, USA].
The Atomic Force Microscopy output is an image of the surface relief. A special cantilever

console with a sharp tip is used. Surface interacts with the tip and bends the cantilever. The bending
can be registered with a laser beam and a photo detector (Fig. 12). The tip’s trajectory can be seen
as the surface’s relief data.

The operational principle of AFM can be described with the help of Lennard-Jones
potential (Fig. 13). Lennard-Jones potential is an approximation of van der Waals interaction
between two atoms. This makes a possibility to calculate the force of interaction between the probe
and the investigated sample. Short range interaction is repulsive, and long range attraction is
dipole-dipole force for the most part. In the formula o is the equilibrium distance between the
atoms and ¢ is the minimum energy value. In reality interaction between the probe and the sample
is more complicated, but in general the AFM probe is repulsed at short distances and attracted at

long distances.
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Figure 13. Lennard-Jones potential curve [Image courtesy of Soft Matter Physics Division, University of
Leipzig, Germany].

Due to the elastic properties of atomic shell, it is possible to distinguish three areas of
impact and three methods of scanning.
2.2.1 Contact mode

In contact mode (left part of the Fig.13), the probe is in direct contact with the sample [22].
The method can be destructive to the sample or to the probe itself. The strength of applied pressure
is controlled by the system as the “SetPoint” parameter. Depending on the probe’s stiffness, the
parameter has to be selected precisely by the operator. The feedback system registers deflection of
the cantilever, which corresponds to the measured force. The resulting two-dimensional map of
height Z(x,y) is the sample’s topography (Fig. 14). As shown in Figure 14, the probe is scanning
in forward direction, recording data in a straight line. The next line starts after all the pixels have
been covered. The number of pixels is set by the operator. Cantilevers with relatively small
stiffness coefficient are used in contact mode to minimize damaging of the sample.

The relief image can be formed in two different ways: with constant interaction force
(repulsion or attraction) between the probe and the sample or with constant distance between the
probe’s tip and the sample. In the constant force regime, the feedback system keeps the cantilever
bending constant, so the interaction force is kept constant. The control registered in the feedback

loop represents relief of the surface (Fig. 15).
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Figure 14. Schematic of the scanning process [22].

The constant distance regime is often used when the investigated samples have small relief
height differences (angstrom units). In this case, the probe is moving at the average distance above
the sample (Fig. 16) and the bending of the cantilever is registered in every point. The bending of
the console is proportional to the interaction force and is registered by the system. The AFM image

represents the dimensional distribution of interaction forces between the surface and the probe.
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——
Scanning Relief
Figure 15. AFM in constant force mode [22].
The contact methods has drawback of mechanical contact of the probe and the surface.
This drawback can lead to destruction of the probes and the surface during the unadjusted scanning
process. Additionally, it should be noted that contact methods can not be applied to organic

materials and biological cells, because of sample softness.
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Figure 16. AFM in constant distance mode [22].

2.2.2 Non-contact mode

In non-contact mode the cantilever is forced to oscillate with its own resonant frequency
and an amplitude about 1 nm. This mode is widely used as a part of two-pass method. In this mode
the “first pass”, which corresponds to the first scanning of the line, the relief of the surface is
measured. Then on the “second pass” the tip of the probe goes up for a specific uplift height. The
second pass scanning is performed while the tip mimics the surface topography. Thus electrostatic
long range forces can be measured. This measurement is more sensitive due to the compensation
of van der Waals forces. Additionally in this regime, it can be assumed that only the probe’s tip
interacts with the surface, not the whole tip cone. When the probe is near to the surface, the
attraction forces start to influence the tip of the probe. Existence of force gradient shifts the

resonance frequency and phase responses of the system:

Q dF

The phase shift 4¢ of the cantilever can be measured and thereby it is possible to calculate the
derivative of the force, affecting the tip. Quality factor Q and stiffness constant k of the cantilever
are known numbers. Quality factor describes losses in the system. High values of Q correspond to
low losses. This fact is used to produce the phase contrast pictures in AFM research.

2.2.3 Semicontact mode

The area of semicontact measurements is in the middle of Lennard-Jones potential the
graph (Fig.13). Semicontact mode is a widely used practical method. Also known as tapping mode,
the cantilever is forced to oscillate with an amplitude about 10-100 nm on its resonant frequency.

The cantilever is kept on such height above the surface, so it would tap the surface at the peak of

the oscillation. This phase corresponds to the repulsion area in Figure 17.
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Amplitude and phase shifts are stored as data during the Semicontact mode investigation.
With the van der Waals forces there are elastic forces influencing the cantilever during the actual
tapping. When vibrating tip approaches the surface, repulsive forces increase and amplitude of
oscillations decreases. This decrease is registered by the system. The feedback system controls the
scanner by sending signal to move the tip away until the amplitude of oscillations becomes equal
to the setpoint. This way the middle line of the cantilever stays constant and the distance from the
surface is used as relief. Tapping mode is generally considered to be more gentle than contact

mode and applicable to soft materials and living cells.

k.
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Figure 17. Distance in Semicontact mode.

2.3 Elements of AFM

It is necessary to describe some of the essential AFM components. The main components
of the AFM system are: 1) piezo-scanner tube; 2) scanning probe on a cantilever; 3) optical system
of laser and photo detector; 4) system with feedback loop controlling; 5) vibration isolation table.

2.3.1 The piezo-scanner tube

The piezo-scanner tube is a device, that performs raster scanning of the surface by moving
the sample relatively to the probe. Scanning elements are made of piezoelectrics, materials with
piezoelectric properties. Piezoelectric material change its size in the external electric field. The
equation of the inverse piezoelectric effect is
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u, = d i E,
where ujj is a strain tensor, Ex is the electric field and dij is a piezoelectric coefficient tensor. The
type of piezoelectric tensor is defined by the symmetry of piezoceramic crystal.

Piezo ceramic is a polarized polycrystalline material, made by fusing of ferroelectric
crystallites. To polarize the ceramic it has to be heated over the phase transition temperature, and
then cooled in an external electric field. After the cooling, the material is polarized and it changes
its dimensions, depending on the applied electric field.

Tubes made of piezoelectric material (Fig. 18) are widespread in the scanning microscopy.
These tubes can move samples for relatively long distances with relatively low applied voltages.
Tube piezoscanners are hollow cylinders made of piezoceramics with thin metal electrodes on the
inner and outer sides. The polarization of the tube is radial. The outer electrode is split into four
sections, making it a five-electrode system. The tube can be bent by applying anti-phase voltage

to the x or y pair of electrodes, relatively to the inner electrode.
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Figure 18. Piezoscanner tube [22].

The tube is shrinked on the side, where polarization and electric field vectors are in same direction,
and the tube is stretched on the other side, where the vectors are opposite. This way the raster
scanning is performed. Moving the sample in z direction is possible, if the electric field is applied
to the inner electrode, relatively to all of the outer electrodes. It should be noted that modern
scanners have more complicated structure, based on the same basic principles.

Piezoelectric scanners suffer from a number of drawbacks. One of them is nonlinearity of
piezoelectric properties (Fig. 19). In general, deformations of piezoceramics is a nonlinear effect

of electric field. The relation can be approximated with a linear function for relatively weak electric
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fields. Nonlinearities tend to happen with electric fields E* is stronger than 100 V/mm. Thus, to

ensure correct and stable performance, strong electric fields are not applied to the scanners.
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Figure 19. Nonlinear effect in piezoceramics.
Second drawback is a creep of piezoceramics. It is a delay between the control voltage and
the reaction. The delay is shown on Figure 20, where blue line is a control signal and red line is a
reaction of a piezotube. The creep effect leads to geometrical distortions in the AFM image. The
effect is especially strong in the first moments of scanning process. This effect is partially
compensated by utilization of so-called secured pixels. They are not indicated on final image, but

it is the areas, where probe is accelerating/decelerating to constant tip velocity of the scanning.

& I'F'l L] jX

I
F -

Figure 20. Creep effect in piezoceramics. Vy is the step curve (control signal) and 4X is smooth curve

(reaction).

The third important drawback is hysteresis. It means that same applied control voltages
result in different dimensions of the piezotube, depending on the direction of electric field (Fig.
21). To deal with this negative effect, the scanning is performed only in one direction which is
mainly reversed (retrace).

2.3.2 The probe

The scanning is performed with special probes, which consist of elastic console (cantilever)

and a sharp pyramidal tip on the end of the cantilever (Fig. 22). Probes are usually made out of
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silicon wafers with photolithography. Cantilevers are usually made of silicon, silicon dioxide or

silicon nitride. One end of the cantilever is attached rigidly to the silicon base.
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Figure 21. Hysteresis effect.
The probe itself is situated in the other end of the cantilever. The shape of the tip is a pointed

pyramidal needle, with tip angle 10 — 20 degrees. For simplicity reasons the tip is often considered

to be an ideal cone. The force between the tip and surface can be described as follows:
F =k AZ

Where Kk is cantilever stiffness and 4Z is its bending. Resonant properties of cantilevers are

important for AFM measurements.

Si
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Figure 22. AFM probe scheme [22].

There are three main parameters of tips: 1) tip radius R, 2) cantilever resonant frequency
and 3) cantilever elasticity coefficient k.

Bending frequency is determined as follows:

@ =

b ;1

Where | is cantilever console’s length, E is Young modulus of cantilever’s material, J is

A B
pS

cantilever’s moment of inertia, p is material density, S is cross section of surface area and 1 is a

numerical coefficient for different vibrational modes (Fig. 23).
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Cantilever’s resonant frequency is determined by its dimensions and material properties. The

quality factor Q depends on the environment.
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Figure 23. Major vibrational modes of probe’s tip.

Two types of probes are used in AFM: 1) Rectangular cantilevers (Fig. 24) and 2)
Triangular cantilevers (Fig. 25). Probes with triangle cantilevers have higher stiffness coefficients
and higher resonant frequencies. Schematic view is presented on Figure 25. Probe’s tip can be
covered with coatings, which can be used for electrical or magnetic measurements. Those coating

are fragile and can be easily damaged by contact with sample or excess applied voltage.

10 um

Figure 24. SEM image of NSG11 probe tip [22].

Figure 25. Schematic view of triangular cantilever.
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2.3.3 Optical system

AFM images of the surfaces relief are connected to registration of cantilever’s
deformations. Optical methods are widely used in atomic force microscopy. The optical AFM
system is adjusted in such a way, that laser beam is focused on the console, and the reflected light
comes to the photo receiver. Photo receiver is made of four photodiodes, making a four section
photo receiver (Fig. 26 (b)).

Main parameters which are registered by the optical system are twisting and bending
deformations of the console. Deformations are caused by attraction and repulsion forces as well as
lateral forces of tip and surface interaction. Difference of currents in various sections of photo
receiver completely characterizes the direction of cantilever deformation and its value. Difference

in currents Al is proportional to bending of the console by forces, normal to the surface.
A =(AL+AL)—(AL+AlL)
Difference in currents Al characterizes twisting of the console by lateral forces.

AL =(AL+AI)—(AL+AL)

Currents 11 — I4 correspond to currents in photo detector’s sections 1 — 4.

Value 47 is used as a parameter in the feedback loop of the AFM system (Fig. 26) to keep
the cantilever deformation constant. If cantilever’s deformation is constant, the voltage which is
used to keep the deformation is also used as output data of the surface relief. Resolution of the
AFM system is determined by the tip radius and sensitivity of optical system.

Main scanning artifacts appear due to the scanner feedback delay. The lower the speed of
scanning the lower is the amount of scan artifacts. It should be noted, that the data can be averaged
for the surrounding eight scanned points [22].

Photo detector L
e

\Z

Figure 26. Schematic of SPM working principle [22].
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2.4 Kelvin Probe Force Microscopy (KPFM)

Kelvin Probe Force Microscopy is a “two-pass” method of surface mapping, which makes
it possible to obtain not only topology of the surface, but also a map of surface potential U(x,y).
Two-pass technique means that each line is scanned twice. First scanning is made in semicontact
mode giving a surface topography map. Second pass is performed in the non-contact mode using
information gathered during the first pass. Non-contact scanning is performed at a certain distance
Ziitt, which repeats the trajectory, by applying additional voltage. Additional voltage is derived

from the topological data. The voltage can be expressed by following equation:
U = Uge + Ugesin(wt)

This voltage is applied between the probe and the sample, which means that the sample has to be
grown on a conductive substrate and the tip of the probe must have conductive coating (usually
platinum or gold).

The tip-substrate system has some capacitance C and its energy E can be described as follows:

CU?
E=—
2
Capacitance depends on the distance between contacts. Z component of force is:
E dE dCU?
2 dz dz 2

Applied voltage is sinusoidal and interaction force is also periodical:
- 1dC - PN
F{_Zx t} = EE {_Udc - U{_I, ,}’_} + Uge 51“{.{-‘:":.}_}

where U(x,y) is the potential in certain position of AFM probe. The force equation can be divided

into three parts, depending on frequency:

1dC 1
FDE‘ — EE ((Udc.' T U(x-y))z +5Uac2)f

dC o
Fw = E(Udc - U(.It‘, y))Uac sin[_wt} '
1dcC 5 _ _
F, = 14z U, cos(2wt)
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The first harmonic of force depends on the local potential U [22]. Amplitude of first harmonic
forced oscillation is proportional to the magnitude of force F.. The measured force contains
information about potential U(x,y) according to the equation for first harmonic.

In KPFM an additional feedback loop is applied to the constant voltage Ugc. Surface
roughness has no effect on electromagnetic forces. To annihilate F,, Uqc is changed automatically
by the feedback. When Uqc equals U(x,y), then these values for certain points can be recorded as
data of surface potential.

Kelvin Probe Force Microscopy provides high lateral resolution of local potential
measurements [22]. The method is recommended to characterize electrical properties of materials.
It should be noted that measured local potential difference equals to the difference of material and
tip work functions. When two materials are in touch, their Fermi levels align. With external
voltage, current is nullified and the voltage is defined as the local contact potential difference. This
approach enables to calculate work function of the sample, based on the known work function of
the probe’s tip. Data of second harmonic of force can give information of local dielectric constant,
capacity and dispersion.

2.5 Peak Force Tunneling Atomic Force Microscopy (PFTUNA)

Conductance measurement is a powerful technique for electrical characterization of wide
selection of samples. Conductive AFM (CAFM) measurements cover currents from nA to pA.
Tunneling AFM measurements cover currents from pA to nA.

There are three key elements: 1) current sensor, also known as TUNA module;
2) conductive probe and 3) base AFM mode of operation. Peak force tapping mode of operation
is a significant improvement to the C-AFM scanning technology.

2.5.1 Contact TUNA

Contact mode AFM with a conducting probe and a current sensing module enabled
conductivity measurements. The method can be applied for the electrical analysis of a wide range
of materials. Electrical defects can be localized by contact mode TUNA in semiconductors and
data storage devices. Contact force is a limiting factor when studying materials, which require low
interaction forces. Conductive polymers, nanowires, organics and other soft materials require low
interaction force, in order to preserve undamaged.

2.5.2 Tapping mode TUNA

Tapping mode imaging has the advantage of eliminating lateral forces, which can decrease
quality of image during contact mode scanning. AFM tip oscillates with an amplitude of
nanometers, relatively to the sample surface and spends only a few percent of the oscillation time

in contact with the sample. This is an advantage in eliminating surface and tip destruction, but it
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is a problem for conductivity measurements. Since the tip spends only microseconds in contact

with the sample, it is hard to measure current signal due to short duration.
2.5.3 Peak Force TUNA

Like in standart tapping mode, in Peak force tapping the probe periodically touches the
surface. Unlike tapping mode, where the average cantilever’s amplitude of vibration is kept
constant, in Peak force method the feedback system controls maximum force acting on the tip for
each cycle individually. The tip-sample interaction force is registered by the system with so called
direct force control algorithm. Every contact of the sample and tip is registered and controlled.
Modulation frequency of 1 to 2 kHz has to be significantly lower than cantilever’s resonant

frequency to perform reliable force measurement.

2 =
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-

Figure 27. lllustration of PF-TUNA setup [Image courtesy of Bruker Nano Surfaces Division Santa Barbara, USA].

Peak force tapping oscillation frequency of several kHz is between the tapping mode and
contact mode. The tip touches the sample for tens of microseconds in each of the tapping cycles.
The TUNA module is able to register current signal during such short period. To achieve
acceptable level of signal-to-noise ratio, the bandwidth has to be ten times greater than the tapping
frequency. The Bruker PF-TUNA module has a bandwidth around 15 kHz with the noise below
100 fA. Peak Force TUNA mode makes it possible to measure topography, mechanical and
electrical properties simultaneously (Fig. 27).

Interaction of periodically modulated Peak force with the surface is shown in Figure 28.
The time scale of the plot is approximately 1 ms, and the modulation frequency is approximately
1 kHz. The top line represents the cantilever’s tip trajectory. The middle line represents force,

measured by the probe during the approach and withdrawal. The green line represents the
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measured current. It can be seen, that current can be observed only in a limited fraction of time,

when direct contact exists between AFM conductive probe and a sample’s surface.
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Figure 28. Position, force and current plots during one PeakForce tapping cycle [Image courtesy of Bruker Nano
Surfaces Division Santa Barbara, USA].

In the point A, when the tip is far from surface, the force is negligible. Cantilever is attracted to
the surface as it approaches it. The Peak force moment occurs at point C. The force is kept constant
by the feedback system. After the probe is withdrawn, the force reaches its minimum at point D.
At this point adhesion can be measured.

The Peak force TUNA extracts three types of results of current measurements: 1) peak
current; 2) cycle averaged current and 3) contact averaged current. Peak current is measured
directly in the peak point, coinciding with the Peak force. Peak current might contain a mistake
due to the delay of the system. Cycle averaged current is the average current in the whole cycle.
Contact averaged current is derived from data obtained from the whole cycle.

In the imaging mode, the sample is scanned in PeakForce Tapping mode, as the force is
kept at a constant value by the feedback system. The highly-sensitive picoampere TUNA module
measures the current flowing through the sample. Data of this current is presented at the same time
with topography and mechanical properties, such as deformation or adhesion.

In addition to the imaging mode, spectroscopy mode makes it possible to measure local
current-voltage (I-V) characteristics. To obtain I-V spectra, the tip is held in fixed location, while

the applied bias is ramped. In this mode, the feedback performs the same way as in contact mode.
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The software indicates the current versus the applied bias. It is possible to measure a single -V
characteristic. “Point and shoot” is a powerful automation feature, that allows to define the number
and location of dots to measure current-voltage characteristics in those specific places.

2.6 “BRUKER Multimode 8” device features

The Multimode 8 device allows a variety of SPM surface investigation methods to be used
with highest resolution. Optional modes exist to develop the system. Basic construction allows the
most common modes to be used: AFM, STM, MFM, KPFM, PeakForce etc. The device is operated
with ScanAsyst technology. Multimode 8 supports probes made by various manufacturers. It is
possible to create different gaseous or liquid environments inside the measurement chamber.

2.7 Measuring system with controlled environment

In order to measure electrical parameters of samples in different atmospheric conditions, a

gas cell must be applied (Fig. 29). This forms an advanced AFM method.

Figure 29. Gas cell image.

Silicon rubber seal is used together with the gas cell (also known as probe holder) to seal
the sample’s chamber for measurements in a controlled atmosphere. The body of a gas cell is made
of transparent fused silica because of optical transparency and low thermal expansion coefficient.

A system of humidity control was developed in order to carry out experiments in different
atmospheric conditions. Schematically the system is shown in Figure 30, where 1) inlet valve; 2)
flask filled with liquid nitrogen; 3) flask filled with water; 4) bypass valve; 5) gas temperature
control device; 6) humidity sensors; 7) gas cell; 8) cell outlet valve; 9) outlet valve.
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Figure 30. Schematic view of the humidity control system.

Liquid nitrogen was used to create zero humidity atmosphere in the system. Water vapors
are necessary to raise the humidity level. To create the desired level of humidity, the bypass (4)
and outlet (9) valve are opened for several minutes, until the sensors (6) indicate, that the system
is ready. It is important to notice, that a low percentage of humidity 1%-2% persist in the system.
During the actual measurements the valves are closed in order to minimize the atmospheric
influence on the probe’s tip. Gas flow can cause distortions, which would affect the resulting AFM
image.

Honeywell HIH-4000-002 humidity sensors were used to measure humidity. These sensors
produce a linear voltage output signal, which was measured by laboratory multimeters. Supply
voltage of 4.5 V for the sensors was taken from three AA batteries. Electrical application circuit

of the sensors is shown on Figure 31.
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Figure 31. HIH — 4000 electrical application circuit.
The sensors have relatively fast response time of five seconds, small hysteresis and accuracy of

3.5%. Recommended operating temperature of sensors is from 0 to 50 °C, which is enough for the
experiments. The humidity value was calculated by the graph of output voltage vs relative
humidity, which was provided by the manufacturer. Overall, this humidity control system is able

to control humidity inside the gas cell in a range between 0 and 100%.
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3. Sample preparation

3.1 Cleaning of substrates

To prepare the samples, 10x10 cm wide glass substrates with 0.3 cm thickness was used.
The glass pieces were washed with soap and purified water. After the washing, substrates were
cleaned by a standard wafer cleaning procedure with acetone and isopropanol ultrasonic bath for
15 minutes. Drying of substrates was performed with pressurized nitrogen and later they were kept
inside non-fibrous paper.

3.2 Evaporation technology

To deposit metal film, electron beam evaporation and resistance heating evaporation was
performed (Fig. 32). Both methods require a vacuum chamber. Metal is evaporated by external
energy, which can be received from heating or high-energy electrons. For Al deposition was used

10°% mbar high vacuum. Both methods were expected to result in 100 nm thick aluminium layers.
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Figure 32. Schematic image of evaporation techniques [Image courtesy of Hivatec Laboratory, Canada].

3.3 Lithography

Lithography is a process to form two-dimensional (2D) structures. Lithography was used
to prepare interdigitated structures from aluminium films. The samples were put into a spin-coating
machine to spread the photoresist material. Methoxypropyl acetate, which is used as a photoresist,
was poured onto the aluminium film. The speed of rotor was 1200 rpm, followed stepwise by 2400
rpm. The process took 10 seconds. The samples with photoresist were dried on preliminary heated
surface of magnetic heater at temperature of 112 °C for 1 minute. To perform contact lithography,
a specially prepared mask was placed inside the illuminating station on top of the sample. Then
the photoresist was exposed to UV radiation for two minutes in order to polymerize it. To wash
away monomerized photoresist, the samples were put into developer bath for 5 minutes. After the

bath, they were washed with purified water. To perform wet etching of aluminium film, the
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samples were placed into the acidic etching solution of HNOs+HsPO at 40 °C for 5 minutes. Traces
of acidic solution were washed away with purified water. The remaining photoresist was rinsed
with acetic acid. These procedures led to clear aluminium paths.

3.4 Aerosol spraying

Precursor solution was used to prepare polymer with built-in nanoparticles. The solution
consisted of 50 ml dimethylformamide (liquid solvent) and 5 g of polimethyl metacrylate. That
solution was divided into 5 ml portions and each portion had 0.25 g polyethylene carbonate and
0.15 g lithium perchlorate added. Six sample types were prepared, containing 0, 0.1, 0.2, 0.3, 0.4,
0.5 g of ZrO2 nanoparticles.

Aerosol spraying of liquid suspension method was used to prepare 5 — 10 um thick layer
of porous composite. Laboratory pressurized nitrogen gas channel and a special aerosol pistol with
extra pressure of 0.5 bar were used. Samples were prepared with two and three layers of
nanocomposite. Time period between spraying layers was two minutes. Aerosol was sprayed onto
a substrate, which had been heated to 120 °C. Such conditions were used to instantly evaporate the

solvent.
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Figure 33. Image of prepared samples.

As a result of described techniques and methods, a number of samples were prepared (Fig.

33). Aluminium wiring is situated on the glass substrate and is covered by ZrO, nanocomposite.

The samples have various amounts of zirconia dioxide, thickness of the polymer layer and structure

of aluminium wiring.
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4. Sequence of the measurement
Basic operational principles of Scanning Probe Microscope Bruker Multimode 8 are
presented in this chapter. All the facilities have to be warmed up. The device should be turned ON

for several minutes before the measurements.

1) Installation of a probe. Choosing of a correct probe is essential part of scanning probe
microscopy. For every measurement and material type exist preferred probes.
NCHV-A probes were used for primary AFM measurements. Cantilevers of these probes are
rectangular, 3.25 — 4.75 um thick, 125 — 140 um long, 40 - 50 um wide and their resonant
frequency varies in range of 320 — 410 kHz. Such cantilevers are made of antimony (n) doped
silicon. Back side of cantilever is covered with aluminium reflective coating. The reflective
coating increases the amount of light reflected by the cantilever. Therefore accuracy of the
measurement is increased. Tip pyramid height varies from 10 to 15 um, radius 10 nm and spring
constant is 42 — 80 N/m. These probes are designed for imaging in Tapping mode and non-contact
mode.
PFQNE-AL probes were used for KPFM measurements. Cantilevers of these probes are triangular,
0.25 — 0.35 pum thick, 42 — 45 um long, 40 - 43 um wide and their resonant frequency varies in
range of 300 — 400 kHz. Such cantilevers are made of silicon nitride. Tip pyramid height varies
from 2.5 to 8 um, radius is 5 - 12 nm and spring constant is 0.8 — 1.2 N/m. These probes are

specified for high-resolution electrical measurements.

NCHV-A PFQNE-AL PETUNA

Figure 34. Electronic microscope images of tips and cantilevers of probes [Image courtesy of Bruker Nano

Surfaces Division Santa Barbara, USA].
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PFTUNA probes were used for PF-TUNA imaging. These probes have a sharp electrically
conductive tip (Platinum/Iridium coating) and low spring constant. Cantilevers of these probes are
triangular, 0.6 — 0.7 um thick, 100 — 130 um long, 25 - 30 um wide and their resonant frequency
varies in range of 70 — 95 kHz. These cantilevers are made of silicon nitride. Tip pyramid height
varies from 2.5 to 8 um, radius 25 - 35 nm and spring constant is 0.4 — 0.8 N/m. Such parameters
allow high-resolution electrical characterization of fragile samples. Electronic microscope images
of the probes are shown in Figure 34. Probe installation is performed manually with the help of
tweezers.

2) Setting the sample. Piezotube is covered by a protective polymer plate. The sample is

placed carefully onto the protective layer and its surface is electrically grounded. The probe holder
is placed several millimeters above the sample’s surface. This step is required to ensure that the
probe’s tip does break from accidental contact with the sample.

3) Laser alignment. The preinstalled Microscope with Video Setup (OMV) is used to align

the laser for all modes. First, optical microscope should be focused on the cantilever. Then focus
plane should be moved below the tip. Next, the tip should be brought down until the cantilever is
in focus again. Movement of the tip is performed with front manual screws and stepper motor.
After the red laser spot is located, it should be moved to the end of the cantilever with manual laser
knobs, which are situated on top of the measuring head (Fig. 35). To ensure that laser reflection is
solid, a narrow piece of paper can be put in front of the Photodetector. Finally, after the laser beam
is aligned on the cantilever’s end, the SUM signal should be maximised. It is done by moving the
mirror lever, situated on the back of the head, and adjusting the photodiode positioner. It is
important to note, that engage attempts with improperly aligned laser beam might destroy the
cantilever or damage the sample.

Laser Y-axis adjust
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Figure 35. Multimode SPM head and Major components.

4) Starting of measurements. To start the actual measurements, Nanoscope software is

required. First, contact or tapping mode has to be selected in the main menu. Various modes are

available with Multimode 8 and one of them has to be selected in the menu.
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The cantilever should be brought as close as possible to the sample’s surface. If the surface is
reflective, then the cantilever’s reflection is visible and by pressing the toggle switch to the
“Down” position, the cantilever can be moved down. If the surface is not reflective, then the
sample’s surface should be set in focus. The cantilever should be brought down until it is in focus.
Set point voltage is set initially to 0.5 - 1.5 V, but can be changed later, depending on the results.
Scan rate is set to 0.5 - 1 Hz and scan angle is zero. This prevents cantilever damage when it lands
on the surface for the first time. Scan line should be trace in channel 1 and retrace in channel 2.
The slow scan axis should be enabled in order to scan areas. The resolution of images was 256 or
512, which resulted in a sufficient quality of AFM images and recognition of desired details.

After pressing the engage button a pre-engage check, followed by sound of the Z axis motor should
be observed. It is important to note, that the engaging may be aborted because the tip is too far
from the surface. In this case, cantilever should be readjusted closer to the surface. The Z center
position should not fluctuate, otherwise the AFM image would be unstable. Utilizing the induced
piezo voltage on a step motor is helpful in adjusting the Z center voltage. Scanning with high
voltages applied to the Z-axis can damage the piezotube of the AFM scanner. Scan rate should be
decreased if the desired scan area is considerably high ( over 5 um). Faster scan rates result in
image artifacts due to the feedback system’s inability to control the force of tip-sample interaction
Higher set point in tapping mode means that lower forces are applied to the sample, and vice versa.
Harder samples should be investigated with stronger contact forces, so the response time is
improved by lowering the set point amplitude. Soft and flat samples should be investigated with

higher set point values in order to minimize the energy imparted to the sample.
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5. Results
Results of topography, KPFM and PF-TUNA measurements are discussed in this chapter.

Sample 1.3 was chosen for SPM measurements.

In order to fit into the measuring cell of the microscope, the primary sample was cut into
smaller pieces. The sample presented on Figure 36 was measured in the experiments. The sample
different areas are: 1) glass substrate, 2) aluminium conductive line, 3) aluminium covered by
polymer composite, 4) polymer composite on a substrate and 5) borderlines or transitions between
areas mentioned above. Measurements in all these areas are necessary to classify the overall
sample quality and properties of the materials.

2cm

Figure 36. Optical microscope image of the measured sample.
5.1 Topography
The topography of the sample was measured in semicontact mode. Image of

nanocomposite drop between the conductive lines is shown on Figure 37.

1200 nm

Figure 37. AFM topography image of polymer droplet on glass surface topography (Image dimensions are 20 x 20

um).
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It is visible, that the aerosol spraying method has drawback, that polymer coating of the sample

solidifies in the form of small islands. A cross section in the middle of the droplet is presented in
Figure 38.

Figure 38. Cross section of the polymer drop image.
Average thickness of the droplet seems to be approximately 200 nm. The data was processed by
second and third degree curves (polynomial approximation) in order to smoothen images, since
AFM images always have curvature.
AFM image of the aluminium surface shows a smooth surface (Fig. 39). On average, the

mean topography roughness depth Rz is 35 nm, and root mean square RMS roughness is 19 nm.

250.0 nm

Figure 39. AFM image of the aluminium surface (Image dimensions are 10 X 10 um).
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The aluminium grains are 30 nm high on average (Fig. 40). The investigated area is far from
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Figure 40. Cross section of the aluminium surface image.

A polymer droplet found on the glass substrate is shown in Figure 41. The higher area of

the drop reaches 4 um height, and lower area is 1.5 pm high on average.

5.3 um

Figure 41. AFM 3-D topography image of polymer droplet on the glass substrate. Channel data from

Peakforce error was overlayed on the image (Image dimensions are 40 x 40 pm).
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Cross section of the droplet is presented on Figure 42. NCHV-A probe was used for all topography

measurements.

Figure 42. Cross section of the polymer droplet on the glass substrate profiles.
5.2 Surface potential

PFQNE-AL probes were used for measurements of surface electric potential. Interesting
area of PMMA covered with aluminium was investigated (Fig. 43). Measurements are presented

in the form of topographical image, covered with potential “skin”.

512 mV

Figure 43. KPFM measurements on the border of aluminium and glass substrate.
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Applying “skin” makes the image analysis process visually easier. It is possible to observe both
topography and electric potential data.

Negative charge area can be observed near the droplet of polymer in the normal
atmospheric conditions (Fig. 42). This can possibly mean a trapped electric charge, induced by Zr
nanoparticles. The charge remained constant over the time of our experiments. Spots of high
potential can be explained as dirt, left after photolithography process.

Nearby area of polymer composite was investigated two times with and without external
voltage on the probe’s tip (Fig. 44). Negative charge area can be observed as a halo beneath the
polymer drop. Second measurement with 0.5 V potential was applied to the tip was made on the
same area, right after the first one. The charge distribution changed, and this effect shows, that the
trapped charge is located near the surface and can be manipulated by low voltages.

Measurements in different atmospheric conditions were conducted in order to observe, how

humidity of the atmosphere influences the sample’s performance.

558.5 mV

-18.9 mV

650.3 mV

-29.9 mV

Figure 44. KPFM measurements with 0.5 V (bottom) and without (top) tip bias.
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Figure 45. KPFM measurements in atmosphere of 18%, 3% and 7% relative humidity.
First, KPFM images were obtained (Fig. 45) in room atmosphere, which had relative humidity of
18%, according to the sensor. Second, the humidity control system managed to create 3% humidity
atmosphere inside the gas cell. Second scanning of the sample was performed in 15 minutes, after
the atmospheric conditions were set. Then, the humidity level in the cell was raised up to 7%
relative humidity, and after 15 minutes, surface potential was measured. Histograms of spacial
charge (Fig. 46) show, how charge distribution in the sample is affected by humidity of the
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atmosphere. A significant decrease of surface potential is seen, after the humidity was changed

from 18% to 3%. Charge redistribution at 7% humidity shows, that the effect is reversible.
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Figure 46. Histograms of KPFM measurements in atmosphere of 18%, 3% and 7% relative humidity.

Studies showed, that surface potential is significally different for different humidity levels.
Low humidity levels resulted in increase of relative potential up to positive values in some areas.
This is a different result compared to [20]. The spacial charge distribution changes with humidity
level. Negative charge transfers into the polymer area. Increase of relative humidity leads to
restoration of the initial potential picture, with the potential going down to negative values. The
spacial distribution of charge after the humidity increase is close to the initial, which means, that
the processes can be cycled without significant losses. The possible amount of cycles however, is
a subject for further investigation.

5.3 Conductivity measurements

Conductivity measurements were performed in room atmosphere, with PFTUNA probes.

660.0 nm

10 um

Figure 47. Topography image of the area, where conductivity measurements were performed.
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TUNA current was measured in the same area (Fig. 47), where potential measurements
were done.

The TUNA current channel (Fig. 48) showed two small areas, both around 150 nm
diameter, where the probe could measure current of 15 and 20 pA. This current could mean

nanoparticles, which have diffused into the surface.

20.0 pa

Figure 48. TUNA current.
The precise TUNA current measurements by “point and shoot” technique in specific points

resulted in a series of 1-V characteristics. The number of measured spots and their distribution
were chosen randomly. 1-V curves were measured in different spots by ramping DC voltage from
-4 V t0 4 V in every spot. Obtained curves (Fig. 49) showed currents up to 5 nA in different
regions. From this result it is possible to conclude, that there were charged regions, which could
conduct electrical current. Most I-V curves showed saturation current of 5 nA, which is TUNA
saturation current. Difference in the 1-V curves in Figure 49 is presumed to be associated with the
depth, at which nanoparticles were situated. The I-V curves showed non-ohmic contact behaviour.
It should be noted, that a high number of points did not produce any resulting I-V characteristics
in the voltage range from -4 to 4 V. In those areas nanoparticles could be situated deeper or not

exist at all.
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Figure 49. I-V characteristics in different points of the surface (Blue and red lines are ramping up and down cycles).
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Conclusions

1)

2)

3)

4)

AFM measurements of topography showed a smooth surface of aluminium film.
Polymer film was formed by islands, which can be seen in the border regions. To tune
the desired properties, the sample preparation methods can be adjusted, based on the
received information. Production of aluminium film by magnetron sputtering would
reduce roughness while keeping low production price. High energy lasers and

immersion lithography would improve topology of aluminium layer.

The developed humidity control system is able to control humidity level for sufficient
time. The humidity in the system can not be lower than 1 - 2%. This can be improved
with hermetic contacts between system components if needed. Restoration of room
conditions after the experiment in low humidity took time. This could be improved by

usage of water vapor.

Surface electric potential depends on the air humidity. Humidity change result in
electrical charge redistribution in the sample. Negative charge gathers in polymer as
relative humidity level goes low. Raise of humidity level redistributes the charge in the
opposite direction. This electric field movements inside the sample can be used in
subvolt devices. Charge manipulation by humidity allows the sample to be used as a
humidity sensor.

The experiments provide enough data to presume, that the concept can be used to create
power elements. Higher humidity levels lead to stronger electrical fields in the sample.
Further studies are required in order to increase the performance. Studies of
nanoparticle distribution inside the polymer are required to determine their role in

charge trapping.
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Summary

In this work ZrO, nanocomposite was studied for surface potential mapping by Kelvin
probe microscopy for the first time. Topography results are presented in high-resolution AFM
images. Measurements were performed with multifunctional Bruker Multimode 8 device, which
provided an opportunity to study samples in controlled atmospheric conditions. Array of scanning
probe microscopy methods, such as AFM, KPFM and PF-TUNA were used.

The main highlights of this work are:

1) A humidity control system was developed. Dry atmospheric conditions were achieved
with usage of nitrogen. Accuracy of the system is enough to detect effects, which are
caused by humidity changes.

2) KPFM experiments have shown spacial charge areas near nanoparticles. This charge is

not dissipated in time and can be manipulated by relatively small voltages.

3) Charge redistribution in the sample, caused by air humidity changes, was detected by

KPFM measurements. Up to 200 mV surface potential changes were detected.

Surface potential redistribution can be utilized to create precise humidity sensors. In order
to produce electrical power cells, electrical fields inside the sample should be maximised.
Lithography with lower wavelength would make it possible to increase the amount of conductive
lines. Nanoparticles distribution is an important factor, which is a subject for further studies.

Nanoparticles from different transition metals could produce a stronger field effect.

On the basis of these results, few possible ideas for further research can be named:

1) Study of surface electric potential behavior by KPFM measurements in a highly humid
atmosphere and different temperatures.
2) Study of the impact of water layer, which form on the surface in highly-humid

atmosphere.
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3) Develop a physical model of the humidity-to-electricity process in order to obtain
optimum combination of technologically-based parameters, such as thickness of the
layers, amount of nanoparticles in the composite and amount of conductive lines.

4) Study the agglomeration of nanoparticles and develop a methodic to prevent it.

The listed studies may provide fundamental value and can be used to improve the

existing technology.
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