
 

 

 

LAPPEENRANTA UNIVERSITY OF TECHNOLOGY  

School of Engineering Science 

Degree Programme in Technical Physics  

 

 

 

 

 

 

 

 

 

 

Anum Rasheed 

 

Effect of humidity on electric potential of ZrO2 nanocomposite investigated 

by AFM/ KPFM 

 

 

 

 

 

 

Examiners: Professor Erkki Lähderanta  

M.Sc. Pavel Geydt 



 

 

ABSTRACT  

 

LAPPEENRANTA UNIVERSITY OF TECHNOLOGY  

School of Engineering Science 

Degree Programme in Technical Physics  

Anum Rasheed 

 

Effect of humidity on electric potential of ZrO2 nanocomposite investigated 

by AFM/KPFM  

 

Master’s thesis  

2017 

88 pages, 47 figures, 7 tables.  

Examiners: Professor Erkki Lähderanta  

M.Sc. Pavel Geydt  

 

Keywords: ZrO2, Hygroelectricity, nanocomposites, SPM, AFM, KPFM 

 

ZrO2 nanocomposites were investigated bearing in mind their potential in displaying varying 

surface potential due to changes in humidity in the environment. Scanning Probe Microscopy 

(SPM) was used in general for studying the electrical properties as it allowed the visualization 

of electrical properties. The sample was studied under different levels of humidity. 

Kelvin Probe Force Microscopy (KPFM) was the main technique utilized to characterize the 

varying charge distribution on the sample’s topography. The influence of humidity on the 

electric potential was shown. The results concluded that electrical potential changes with change 

in environment’s humidity level. 
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1 Introduction 
 

Imagine a baby trapped in a sea covered in oil spills from a tank, or drinking water that contains 

mercury contaminants from a factory. Gasping for air because of the pollution surrounding him. 

This is a sad reality our next generation will face not in their adulthood but unlike us they will 

experience it the moment they open their eyes after being born. Most of the harmful 

environmental effects are a result of energy production and industrial processes that use non-

renewable energy sources as fuels. A number of renewable energy resources are already in use 

at large scale but they are not compatible enough to shift all energy consuming processed to 

renewable energy source. Hence, there is a need to introduce more renewable energy sources. 

Inspired by Professor Richard Feynman’s famous talk “There’s plenty of room at the bottom”, 

I was interested in conducting research at nanoscale and the opportunity was provided by 

Hunter’s Project. The main goal was to find a suitable material that is porous in nature, absorbs 

moisture and is able to dissociate water into charges. Furthermore, the material should be able 

to buildup charge on its surface i.e. is capable of producing electric potential by capturing 

humidity which is known as Hygroelectricity. ZrO2 was chosen to be studied as it was available 

and a suitable candidate because it is being produced in abundance as it has secured its place in 

multiple applications. No harmful or toxic substances are released during the manufacturing 

40written. 

Brief outline of each chapter is mentioned below to summarize the main content. 

In chapter Literature Review, existing energy production methods have been analyzed 

thoroughly and their production methodologies, advantages and drawbacks have been 

discussed. This helped to conclude the need for an alternative source which is renewable, green, 

inexpensive and uses a source which is abundant.  

In chapter Methodology Section, different classifications of SPM have been discussed with main 

emphasis on AFM, Peak Force QNM™ and KPFM. The main technique used to carry out the 

measurements was KPFM as it combined the AFM technique to construct a map of the 

topography and EFM that can measure the electric potential.  
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In the chapter, Experimental Components and Procedure, ZrO2 is evaluated and the research that 

has already been conducted regarding ZrO2 is discussed. Different sensors were considered in 

order to choose the reference humidity sensor and the final sensor to be used for the experiment 

are discussed in detail in the section Sensors. Arduino Uno was used to construct a stable 

experimental setup: how it was done and the code used to display the humidity readings on 

monitor are also discussed. Experimental setup and challenges faced during the establishment 

of the setup are also mentioned in detail. One important parameter of the experiment was to 

establish controlled humidity conditions which, are elaborately explained. 

In the chapter Measurements, each reading is discussed separately and any abnormality that 

occurred for the readings is also discussed along with the procedures carried out to minimize it. 

In the chapter, Analysis of Results, all the measurements carried out are analyzed as graph and 

the trend is discussed. 

In Conclusions, the results obtained are combined as statements and in the Summary part, the 

purpose of this Master’s Thesis is jotted down with recommendations for future studies and 

areas of improvement in the experiment that is carried out. 

2 Literature Review 
 

The modern lifestyle is in dire need of reliable and steady energy supply. We are dependent on 

energy from the moment we are born to the moment we die. However, energy should not be 

taken for granted and it is important to ensure that the energy production methods are not causing 

harm to the environment. Although most of the energy worldwide is produced using non-

renewable energy resources, during 1980s intensive researches were carried out to highlight the 

risks factors associated with pollution caused by burning fossil fuels and stimulated research for 

renewable energy production methods [1].  

Various renewable energy production techniques are being exploited to produce desired 

electrical energy, but they are not enough and have their limitations and drawbacks although not 

as severe as the non-renewable energy resources. This has led to the search for new cleaner and 

greener energy resources. One such technique, Hygroelectricity i.e. the production of electricity 
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due to humidity, is discussed in detail in this thesis. Earth’s hydrosphere which means the total 

amount of water on Earth, consists of free water in solid, liquid or gaseous states on Earth’s 

surface, atmosphere and deep inside the core to a depth of 2000 m. Approximately, hydrosphere 

of Earth contains 1,386 million cubic kilometers (km3) water however, 97.5 percent of this free 

water is saline in nature whereas, only 2.5 percent is fresh water. 68.7 percent of this fresh water 

is in the Antarctic and mountainous regions in the form of permanent snow cover and ice [2]. 

The above mentioned approximate numerical figures are long-term average values. However, 

for shorter times intervals, amount of water in the hydrosphere changes due to exchange of water 

among land, oceans and the atmosphere and this exchange is usually referred as global 

hydrological cycle.  

 

2.1 Water and electricity in historical perspective 

 “Age of water power” during the Middle ages (from 5th to 15th century) [3], proved to be a 

strong milestone, which initiated the beginning of harnessing energy from natural resources. 

European antiquity discovered the potential of moving water and many ways were developed, 

to harness energy from water which greatly improved the lifestyle of people as energy produced 

by moving water was utilized to carry out functions that were impossible to do with the muscular 

power of humans and animals. The origins of water-driven movers are ambiguous but, the first 

reference of their existence is associated with Antipater of Thessalonica during the first century 

[4], Water-wheel was an important invention because it was used in mills to carry out multiple 

functions such as tanning leather, grinding grains, saw wood and a variety of simple industrial 

processes [3]. The earliest wheels crafted were horizontal and the water was directed onto the 

wooden paddles through a trough made up of wood and inclined at a specific angle [4]. The 

paddles were fitted to a wooden shaft attached to a milling stone above as shown in Figure 1.  
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Water energy quickly gained fame and was explored. It led to the creation of hydraulic 

machines. In the Middle Ages, mills were mounted on bridges and boats, giving birth to the idea 

of creation of dams to store water and built-up pressure in-order to use the potential energy of 

stored water. Moreover, water could also be diverted into multiple streams [4] and canals from 

which it was used to drive wheels and to carry out multiple tasks simultaneously. 

2.2 Comparison of various energy producing techniques 

The primary difference between renewable resources and fossil fuels is that renewable energy 

resources cannot be exhausted and enjoy zero or low economic value prior to being converted 

to valuable form. The only hindrance is the construction cost of the device for energy collection 

[6]. After the construction of the plant and when it is fully functional, those systems, which 

utilize non-renewable energy resources (for instance fossil fuels), convert only part of the 

utilized energy into a useful energy. On the other hand, systems that harness their energy from 

renewable energy resources transform available energy into useful one which adds on to the 

energy reserves, although at a lower rate [7]. However, the non-renewable energy systems use 

Figure 1: Diagrammatic representation of earliest horizontal 

water-powered mill [5]. 
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fossil fuels, which contribute to total energy produced, but on the expense of the resource stock 

and the amount of energy used from the total produced energy is also smaller.  

Table 1 provides a comparison of Energy Returned on Energy Invested (EROEI). 

Table 1: Comparison of EROEI and price in Cents/kWh of various energy sources [7]. 

Energy mechanism EROEI Cents/kWh 

Hydro 11:1 - 267:1 1 

Coal 50:01  2- 4 

Oil (global average) 19:01 - 

Natural gas 10:01 4 - 7 

Wind 18:01 4.5 - 10 

Wave 15:01 12 

Solar Photovoltaic 3.75:1 - 10:1 21 - 83 

Geothermal 2:1 - 13:1 10 

Tidal ~ 6:1 10 

Nuclear 1.1:1 - 15:1 2 - 9 

Biodiesel 1.9:1 - 9:1  

Solar thermal 1.6:1 6 - 15 

Ethanol 0.5:1 - 8:1 - 

 

EROEI= useful acquired energy / useful energy expended 

Where “useful” means the energy that is available for use to humans. The higher the value of 

EROEI, the better the process is. When the value of EROEI goes below 1, more energy is 

utilized during the extraction process compared to the output energy available for use [7]. 

Although coal and oil have higher EROEI values, they are non-renewable energy sources. As 

visible from the table, renewable energy sources have low EROEI compared to coal and oil 

which signifies the importance of search for new renewable energy sources. 
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All the systems compared in the table have the same life span. Lifetime of systems utilizing 

renewable energy sources is greater than those systems which make use of fossil fuels. 

Renewable energy systems may either have a lower or greater EROEI relative to amount of 

energy invested in the construction of the power plant which depends on how the produced 

energy is utilized. Figure 2 shows the percentage of energy converted by various system in 

relation to the energy invested in the plant. 

 

The graph shows thermal energy production from solar energy is most efficient whereas, solar 

electric energy is least efficient currently due to the storages devices required and inefficient use 

of produced energy. Although energy produced from natural gas and oil is moderately efficient 

but they use exhaustible sources which has urged scientists to find cleaner and efficient energy 

production sources.  

From 2007 to 2035, the use of energy worldwide for electricity production, is expected to 

increase 3.0% each year and the share of renewable energy resources for generation of electricity 

is expected to grow from 18% in 2007 to 23% in year 2035 [9]. 

Figure 2: Bar chart showing energy efficiency percentage of different energy sources [8]. 
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2.2.1 Detailed Analysis of widely used renewable energy resources 

Fossil fuels are expected to become less readily available in the coming century. This will 

increase the cost of electricity produced by using them and further decrease their popularity and 

also the increasing concern regarding the adverse effects on the environment. Every energy 

production and transmission technology has an impact on the environment. However, 

conventional methodologies damage and pollute air, water, climate, land, landscape and wildlife 

and have considerably increased the level of harmful radiations. Recently, the drawbacks of CO2 

emission involved in the utilization of non-renewable energy resources to produce energy, and 

the climate change have accelerated the research and work regarding the use of renewable 

energy resources. The most significant renewable energy systems include solar energy (both 

thermal and electric), photovoltaics, biomass, wind, geothermal, ocean and hydroelectric 

systems [10].  

a) Solar Energy 

The amount of energy that strikes Earth within 1 hour is greater than the total energy consumed 

by humans during one complete year [11]. Solar energy has been proven beneficial for the 

environment compared to the conventional energy production technologies. One of the most 

efficient use of solar energy is the conversion of solar energy into thermal energy. Solar thermal 

energy is a term coined for the conversion of solar irradiance into heat. A typical solar thermal 

system uses solar concentrates and collectors to collect solar radiation, store it and later use it to 

heat air or water in industrial, commercial or domestic scale [12]. Figure 3 shows a schematic 

diagram of conversion of solar irradiation to mechanical energy. 

Figure 3: Schematic diagram of solar thermal conversion system [12]. 
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The solar collector helps in collecting the solar irradiation and is fed to boiler to heat the medium 

that can be water or air and it is also stored inside storages to help in days with minimum solar 

irradiation. In order to increase the overall efficiency of solar-thermal systems, solar collectors 

heat air or water act as the medium for transferring heat. The heat generated is used to run the 

engine which produces mechanical energy for various industries such as dairy, textile, tanned 

food and chemical etc.  

One of the significant advantage of solar energy technologies is the reduction in CO2 emission. 

Furthermore, no contaminating waste product is released into the environment during the 

operation. Solar energy has also enabled the reclamation of degraded land. Less transmission 

lines are required for electricity grid because it is local [13].  

b) Photovoltaic System 

PV (photovoltaics) effect was discovered by Becquerel in 1839 while studying and analyzing 

the impact of light on electrolytic cells [14]. Solar energy is harnessed by converting the energy 

of sun into electrical energy and photovoltaics are capable of converting solar energy directly 

into electricity [15]. Establishing a photovoltaic system depends on various key factors such as 

solar irradiation, load requirements and geographical location. Schematic diagram in Figure 4 

shows the general setup of a stand-alone photovoltaic system. 

 

Figure 4 a) Block Diagram b) Schematic Diagram of a stand-alone photovoltaic System 

[15]. 
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The system shown in Figure 4 above, operates independently without any interference of the 

electric grid and it can supply a certain amount of AC and/or DC output. A reservoir of batteries 

is utilized to store electrical energy to be used later at night or during days with no sun. However, 

systems that are connected to the electrical grid sometimes referred as utility-interactive 

systems, they get their power from the grid to enhance the power output of the system when 

needed and in reverse case if the output power of the photovoltaics is a surplus, then the 

additional output is sold to the utility [15]. 

Photovoltaic systems are gaining popularity in both developing and developed countries. The 

modules of photovoltaic systems are solid-state devices that are capable of converting sunlight 

directly into the form of electricity. No rotating equipment is required. The main advantage of 

photovoltaic systems is that they can be built in any size, they need minimal maintenance and 

are reliable [16]. 

c) Biomass Energy 

Sunlight, water, and CO2 present in air react during the process of photosynthesis to form 

carbohydrates that make up biomass in plants. Efficient processing of biomass can be done 

either biologically or chemically. The energy that is stored in the chemical bonds can be 

extracted when it combines with oxygen to form CO2. These reactants are not contaminating 

atmosphere and moreover, they prove to be beneficial as the CO2 produced is used to produce 

more biomass and water adds on to the moisture content of the atmosphere [17]. Furthermore, 

when biomass is produced by means of sustainable methods, the amount of carbon dioxide 

emitted during conversion process is approximately equal to the amount of carbon dioxide take 

which is summarized Figure 5. 
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Biomass is a natural carbon neutral process which means that biomass works as a carbon sink 

by constantly adding and removing carbon from the atmosphere. During decaying and burning, 

the carbon dioxide stored in the biomass through photosynthesis, is released. On the contrary, 

burning of fossil fuels release ancient geological CO2 stores and other greenhouse gases which 

result in an imbalance in the natural carbon cycle of the Earth. Biomass can be derived from 

various sources such as herbaceous plants (grasses), woody plants, manures and aquatic plants. 

Biomass holds a potential of producing 30 EJ/yr using agricultural and forest residues 

worldwide whereas, the annual amount of energy demand is 400 EJ [17]. 

d) Energy derived from Wind 

Wind energy is a clean, abundant, environmentally friendly and affordable renewable energy 

resource [19]. Wind energy can be used in both large-scale wind turbines to enable utility 

applications and small-scale wind turbines that can be used for on-site energy generation [20]. 

Figure 5: No net increase in atmospheric CO2 level during biomass 

production cycle [18]. 
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Wind energy is a strong competitor against coal or nuclear power systems considering the 

amount of pollutants and contaminants produced by the latter [21]. Furthermore, the cost of 

wind energy is decreasing considerably compared to other energy producing technologies. 

There are no fuel costs for wind turbines as wind is a natural fuel. Figure 6 shows the main 

components of a wind turbine. 

 

Generally, wind turbines are composed up of a turbine rotor, generator, gear box, a power 

electronic system and a transformer grid to establish connection. Wind turbines harness wind 

power by utilizing turbine blades and convert the wind power to mechanical power. Mechanical 

power is converted into electrical power by the generator. This electrical power is fed into a grid 

by power electronic convertors and a transformer which have a circuit breaking system and 

electricity meters [22]. The efficiency of wind turbines depends on three factors that are its rotor 

diameter, its type which means whether it has a horizontal axis or vertical axis and wind speed 

[8].  

e) Geothermal Energy 

Geothermal energy is referred to the energy that is contained in the Earth’s core. The heat travels 

from the interior of Earth to the surface. Magma is present in the core, which is constantly 

cooling down and releasing heat. However, in those areas where magma is not present, heat 

accumulation takes place due to geological features of the crust, which enable the geothermal 

gradient to increase. Apart from being cleaner, geothermal electricity is also cost-effective [23]. 

Three types of geothermal power plants are currently in use namely, dry steam power plant, 

flash steam power plant and binary cycle power plant and their differences are outlined in Figure 

7. 

Figure 6: Main components present in a wind turbine [22]. 
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Dry steam plants collect steam directly from a geothermal reservoir which then drives the 

generator turbines. Flash steam plants, on the other hand, are run by hot water collected from 

deep inside the earth. This hot water is converted into steam to drive the generators. Later the 

steam condenses to water when it cools down and this water is injected back into the ground for 

reuse. However, in binary cycle power plants, the heat from geothermal hot water is transferred 

to another liquid. The second liquid vaporizes due to the heat and in turn derives the turbines 

[24].  

f) Hydropower energy 

The development of hydroelectricity dates back to 20th century and it was usually related to the 

construction of large dams. Massive barriers were built using concrete, earth and rock placed 

across rivers in order to create artificial lakes of huge capacity [25]. Hydropower energy is 

among the most maturely stable and advanced form of technology. It provides electricity in one 

form or another in over 160 countries [9]. Hydropower plants transform the potential energy 

stored in water due to height, into electricity. Total technically harnessed hydropower potential 

is estimated to be about 16500 TWh per year [9]. Compared to all the available renewable 

energy resources, hydropower energy production is cleaner and more efficient and it accounts 

for 19% of all the electricity produced worldwide [25].  

 

Figure 7: Three types of geothermal power plants: a) Dry steam power plant, b) Flash steam 

power plant, c) Binary cycle power plant [24]. 
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2.2.2 Drawbacks of current electricity producing technologies 

Although energy producing procedures using renewable energy sources have less polluting 

effects, they are not free from drawbacks which are discussed below for popular renewable 

energy resources.  

a) Solar Energy 

Solar energy has few drawbacks, which include the visual effect on the aesthetics of buildings. 

It may also release accidental chemicals during operation such as silane and trimethylgallium. 

This may lead to water pollution if these chemicals seep into water bodies. Often, there is a need 

for large areas in order to establish a solar power system. This reduces the space for cultivable 

land. As solar energy is not available for 24 hours a day, additional measures are taken for some 

applications which can accumulate solar irradiation inside an embedded phase transition during 

sunny days. This is later released in a controlled system in case of severe conditions [12]. 

Furthermore, during the construction of solar modules, toxic and flammable materials may be 

utilized. There are slight health risks associated with solar energy systems not only during 

manufacturing, but also safe disposal of waste products and remains [13].  

b) Photovoltaic System 

Photovoltaic systems are becoming widespread, but they are not free from drawbacks and 

challenges. Shockley and Queisser analyzed the limiting efficiency of solar cell in 1961 and 

according to them the thermodynamic efficiency of a single homojunction cell was 

approximately 31% [14]. This limitation is caused by the transmission losses of photons having 

energies below bandgap and photons having higher energy compared to the bandgap cause 

thermal relaxation of carriers which is also a factor for loss. The cost of a PV module depends 

on two main factors that are conversion efficiency and total cost of manufacturing of the module 

per square area [14]. The current efficiency achieved by various PV technologies is tabulated in 

Table 2. 

Table 2: Efficiencies achieved through different PV methods [14]. 

PV technology Efficiency (%) 
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CIGS (Copper indium gallium selenide) thin film 19-20 

CdTe thin-film solar cell 16-17 

Si polycrystalline thin-film solar cell 16-17 

III-V multi-junction solar cell 40 

 

As shown in the table, the efficiencies achieved are not high enough to meet the energy demands 

and the rest of the energy is lost in undesirable forms of energy. Furthermore, the optimal size 

of solar panels needs precise calculations and it is the most critical factor. Care has to be taken 

when choosing the backup battery as the capacity of the battery should be able to withstand the 

load demand. Furthermore, solar insulation should be available at the desired location as the 

percentage of power generated is dependent upon the solar isolation [26]. The overall efficiency 

of a PV system is strongly affected by the variations in climatic conditions such as availability 

of solar irradiance and ambient temperature [26]. Large PV systems can have an adverse effect 

on the ecosystem. Moreover, installation and parts of any photovoltaic system are costly [16]. 

c) Biomass 

There is a time lag between the instantaneous emission of CO2 due to burning of fossil fuels and 

its uptake in the form of biomass. This time lag can take several years and the fact that biomass 

is not replaced by replanting at the pace it is being used which is only increasing this time lag 

even more [17]. 

d) Energy derived from Wind 

Wind energy systems depend on wind speed and accurate wind data is required for higher 

efficiency but it is at stake because of lack of investment in collecting precise wind data. 

Moreover, public acceptance also faces challenge since wind energy based products have a 

strong environmental impact and can cause visual and noise distraction [27]. Although turbines 

with larger diameter rotors produce significantly more power with an increase in wind speed, 

they are subjected to higher amount of mechanical stress. This makes large diameter rotors risky 

during higher wind speed. Wind turbines are not capable of taking full advantage of the total 

wind power and according to Betz’ law wind turbines can only benefit up to 60% of the wind 
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power however, in practice the efficiency of wind turbines drops to 40% for higher wind speeds. 

The remaining energy density of wind is not harnessed and lost as a result. Figure 8 shows major 

energy losses in different parts of a wind turbine. 

 

Figure 8: Loss of energy in various components of a wind turbine [8]. 

As seen in figure above, the energy is mainly lost in the form of heat which causes additional 

friction between the bearings and the shaft. In addition, it also results in the heat that is abducted 

from the gearbox by the cooling fluids, the cooling fluid in the generator abduct from the 

gearbox and the thyristors which helps in starting the turbine smoothly however, 1-2% of the 

energy that passes through these components is lost [8]. 

e) Geothermal energy 

Although geothermal energy is categorized as a renewable energy resource but if time scale 

used in normal human society is used, geothermal energy resource cannot be termed as entirely 

renewable. This is because the shut-in pressure that is measured at a geothermal site keeps on 

declining due to extraction of fluid and the depletion of the reservoir. Geothermal energy can 

only be successfully termed as renewable energy if the rate at which the heat is extracted does 

not exceed the replenishment rate of the reservoir i.e. at the rate the reservoir is refilled [23]. 

Safe disposal of the cooled fluid is yet another drawback of geothermal energy. During 
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electricity production using geothermal energy, steam that condensates into water contains a 

high percentage of salts and needs proper treatment prior to disposal [23].  

 

f) Hydropower 

Hydroelectric power plants have proven to be unsustainable when it comes to their effect on 

environment. The prime concerns include the change of the hydrological regime, which puts at 

stake the activities occurring downstream of the water reservoir. Furthermore, the water quality 

is sacrificed due to difficulty of decomposition of toxic wastes. Large-scale deforestation in 

order to establish a water reservoir cannot be overlooked. Hydropower systems actively 

contribute to the emission of greenhouse gases because of the decomposition of plants that are 

completely submerged in water [28]. Heavy rainfall can increase the level of water in the 

reservoir and may lead to severe flood. Moreover, the water reservoir can become a breeding 

ground for vectors such as mosquitoes, that carry endemic diseases due to the formation of 

backwater [28]. There is another risk factor involved that water may be used mostly for 

electricity production and is not rightfully used for multiple purpose such as fish breeding, 

farming and irrigation. 

 

2.3 New alternative for electricity production 

The high demand of green energy has spurred the need to research about new innovative 

renewable energy resources in order to produce electricity such as lightning, water present in 

air in the form of rain and moisture, graphene sheets on rooftops and Hygroelectricity.  

a) Lightning 

Harnessing electricity from lightning is relatively new research field. However, it is highly 

controversial due to the safety concerns regarding lightning strikes. Some of the primary 

objections include the facts that lightning is not available on demand, the frequency of lightning 

changes from region to region, it is difficult to direct lightning strike, lightning is unpredictable 

and dangerous and may destroy the equipment in use. Lightning occurs really fast and makes 

charge built up difficult [29]. 
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 Despite the concerns, there has been a substantial amount of research in this field. Researchers 

have come up with various ideas to capture lightning to produce electricity and the most popular 

ones are building a tower that will be tall enough in order to attract lightning. The tower has to 

be considerably conductive enough to guide the captured lightning strikes. However, it is still 

not confirmed whether the material present at the point of lightning strike will vaporize or if it 

should be a particular size and shaped in such a way that it is able to transmit the lightning strike 

without getting destroyed itself during the process [30].  

A second approach which is successful and well-studied is to direct a rocket into a storm and 

target a lightning strike. A cable is attached to direct the strike, which vaporizes on contact with 

lightning [31]. 

Third technique proposed is to use laser for lightning targeting. Ultrashort pulse lasers have high 

peak intensity which enables them to generate continuous long plasma channels with a 

considerable amount of energy. These channels may be used to trigger and guide a positive 

leader from ground rod, facing upwards. This positive leader would later form a connection with 

a negative leader descending from a cloud. Hence, catch bolt of lightning when it is formed [32].  

Fourth technique relates to quantify the electricity in a lightning strike and it is critically 

important to take into consideration the high amount of energy and a short pulse of time in the 

order of microseconds [33].  

b) Rain 

Energy harnessed from raindrops is among renewable energy sources in tropical countries like 

India, Malaysia, Brazil, where the yearly amount of rainfall is recorded to exceed 2000 mm per 

year [34]. Raindrop carries energy mostly in the form of kinetic energy, which is converted into 

mechanical vibrations when the raindrop hits a hard surface. These mechanical vibrations can 

be captured by piezoelectric materials, which have an ability to convert the mechanical energy 

into electrical energy due to their unique property known as direct piezoelectric effect [35]. 

When a piezoelectric material experiences tensile stress, an electric field is generated due to the 

asymmetric structure of each unit cell of a piezoelectric material. The generated electric field 
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results in flow of current across the material and this makes piezoelectric materials suitable 

candidates for harvesting kinetic energy in raindrops [36],.  

Energy harvested using piezoelectric materials is categorized as micro energy and is only in the 

range of mW or μW. Hence, piezoelectric harvesters are beneficial for small-scale energy 

generation, which can be used to provide power to self-powered sensors and small scale 

electronics [37] that require a low load. Research is still ongoing to find combination of most 

efficient piezoelectric harvesters. Currently, the efficiency of mechanical to electrical energy 

conversion achieved by piezoelectric harvesters is less than 1%. However the simulation carried 

out by Guigon [38], promises conversion efficiency up to 2.5% and recent studies regarding 

harvesting piezoelectric energy using constant vibration sources [39] have shown that 

theoretically it is possible to attain 46% energy conversion. Piezoelectric conversion efficiency 

can be further optimized by searching for best piezoelectric materials combination, shape and 

size of transducers and the interface circuit to achieve maximum energy output with less loss 

such as loss of raindrop due to splashes.  

c) Nano-modules in Solar Energy Harnessing devices 

Nano-engineered materials are made up of structures that have dimensions in nanoscale. One 

such material is polycrystalline structure that is composed of nanosized crystallites. 

Nanostructured materials play a vital role in harnessing solar energy by solar cells due to their 

specific chemical and physical properties. Generally, the addition of nanostructured materials 

has proved to be beneficial in photovoltaics by improving the efficiency of solar cell in two 

ways [40]: firstly, it is able to control the energy bandgap which in return makes it more flexible 

and inter-changeable, secondly, nanomaterials increase the active optical path and decreases the 

chances of charge recombination significantly. 

Physical properties related to size of nanostructured materials include large surface to volume 

ratio which makes nanomaterial more reactive and results in a strong influence on the properties 

of the structure. They have shown a theoretical improvement of 60% in the efficiency of solar 

cells [41]. 
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Semiconductor nanostructures are also known as quantum dots, which include PbS, PbTe, PbSe, 

CdSe, CdS, Si etc. Under normal conditions, semiconductor materials are only able to generate 

one exciton after it absorbs a photon and the photon with high excitation energy is wasted due 

to emission of photon [40], however, MEG (multiple excitation generation) effect has enabled 

the generation of many excitons. This may help in improving the efficiency of energy 

conversion achieved by solar cells composed up of nanocrystals [42]. 

Other nanomaterial systems are also available for harnessing solar energy such as DSSC (Dye-

sensitized nanostructured solar cells) shown in Figure 9. They mimic the process of 

photosynthesis which is based on the chlorophyll dye. It can produce more than 7% efficiency 

by successfully combining nanostructured electrodes and charge injection dyes [43]. The solar 

cell named Grätzel cell. Dye-sensitized cell shown in Figure 9 works on photoelectricalchemical 

principles. Liquid phase electrolyte or some ion-conductor is used as a transport medium for 

charge.  

 

Figure 9: Configuration of Dye sensitized cell and its electron transfer mechanism [40]. 

The incident photon is absorbed by the molecule of dye present on the surface of nanocrystalline 

particles of TiO2 and excites an electron of the dye from the ground state to the excited state. 

The excited electron is inserted inside the conduction band of TiO2 particles and the dye 

molecule is left with an oxidized state. This electron that is injected, penetrates through the 
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transparent conductive coating of the glass and then passes through an external load to the 

positive electrode where it is transferred to the triiodide mediator to produce iodide. The cell is 

regenerative as the oxidized dye is reduced by the iodide in the electrolyte [43]. 

Quantum Dots solar cells are also used to harness solar energy. They are nanocrystals having 

zero dimensions and are usually constructed by using direct bandgap semiconductors [40]. They 

have unique photophysical and photochemical properties that are beneficial for the development 

of chemical and biosensors. Quantum Dots have improved resistance against multicolor 

fluorescence and photo bleaching. Tetrapod design of quantum dots (Figure 10) having four 

arms and a core, demonstrate better charge transport. It can be tuned both lengthwise and 

widthwise.  

 

Figure 10: Diagrammatic representation of Quantum Dots (tetrapods) [40]. 

The overall cost of Quantum Dots can be significantly reduced in the future as they can be 

manufactured using inexpensive and simple chemical reactions. They could be used to 

manufacture thin-film photovoltaics that could possibly be more efficient compared to the 

conventional silicon cells as nanocrystals that are composed up of certain. Moreover, if their 

size and shape is changed they can absorb different color of light. It is possible to tune the band 

gap of quantum dots which enables the creation of intermediate band gaps. Theoretically it is 

possible to achieve a maximum efficiency of 63.2% with this method [40]. When a photon of 

light travels through the solar cell, it strikes a particle of quantum dot and raise the energy if few 
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electrons present in the quantum dot. After they are excited, the electrons penetrate inside the 

titanium dioxide and pass through it and finally reach the electrode’s conducting surface as 

illustrated in Figure 11. 

 

As the electrons are traveling towards the electrode’s conducting surface, they leave behind 

holes in the quantum dots ready to be replaced by other electrons. In order to fill these holes, 

the quantum dot collects electrons from the electrolyte. This causes a depletion of electrons in 

the electrolyte which in return collects electrons from the other electrode. Thus whole process 

causes a voltage to develop across the solar cell and induces current [40]. 

 Another type of solar cells based on nanotechnology is Carbon Nano Tubes (CNTs) solar cell. 

Carbon nanotubes are tubes having dimensions corresponding to molecular scale. They consist 

of carbon atoms arranged in hexagonal lattice structure and have exceptional electrical and 

mechanical properties. The structural configuration of nanotubes can be defined with the help 

of vectors notation with n representing rows and m representing columns which shows how the 

sheet of graphene is rolled as shown in Figure 12. 

Figure 11: Configuration of Quantum Dots solar cell [40]. 
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In photovoltaic cells, nanoscale tubes can be used to generate an electric current if they are 

coated with specific n-type and p-type semiconductor junction materials. This would in return 

increase the overall surface area available to generate electricity [44].  

d) Hygroelectricity 

Hygroelectricity is an innovative energy production topic where certain materials are designed 

to capture electric charges which builds up on isolated metals when placed in atmosphere, which 

is a potential reservoir of OH- and H+ due to the presence of humidity and dissociation of water. 

When these charges transfer to the isolated metals, they result in a net charge. The charge is 

directly proportional to the percentage of relative humidity in the atmosphere [45]. This 

phenomenon led to the possibility of capturing electricity from air which was a dream of famous 

scientist Nickolas Tesla.  In the recent years, various publications have enabled to prove that 

ions [46, 47] and electrons [48, 49] participate in electrostatic charging under numerous 

conditions.  

In numerous systems, the relative humidity percentage has shown to be directly related to the 

amount of buildup and dissipation of charge. Hence, the charging is faster in environments with 

higher level of RH compared to dry conditions [45]. When isolated metal samples are exposed 

to water vapor, it leads to the buildup of charge on the metal. This effect was observed first in 

the Institute of Chemistry of University of Campinas, Brazil by Fernando Galembeck and his 

team [45] during Faraday cup measurements to control the charge present on insulators, which 

Figure 12: Diagrammatic structural configuration of 

carbon nanotubes [40]. 
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were studied using Kelvin Probe Scanning Microscopy. The results showed a significant effect 

of relieve humidity on patterns of charge distribution on metals and dielectrics [50].  

Theoretically, electric charge present on an isolated metal sample should continue to be equal 

to zero after the metal sample is grounded. However, if the isolated metal sample is exposed 

only to external fields created due to high-energy ionization radiation, charge will build up in it 

just like in Faraday cups used to detect electrons and radiations [51, 52]. 

According to the research carried out by Fernando [45], if the metal sample under observation, 

is made out of brass (Cu: 64.1 % and Zn: 35.9%), or electrolytic copper fixed inside a hollow 

chrome-plated brass (CPB), but isolated and grounded from the top cover, the charge moves 

slowly to the negative values irrespective of the amount of RH. This means that any change in 

the RH values will not have a significant effect on the rate at which charge changes. However, 

a different behavior is experienced when the sample under observation is composed up of 

aluminium, stainless steel (SS) or SS screen. When the sample is exposed to low humidity 

values, there is a slow drift in charges as in copper and brass case. However, the main difference 

is observed at higher values of RH, when the charge drifts quickly. Aluminium and CPB display 

similar behavior and achieve a negative charge when the value of RH increases but SS attains a 

positive charge as the relative humidity value is increased [45]. From this information, it can be 

deduced that there is a connection between the rate of water absorption and charging of metal. 

This was further verified by Fernando by applying a coating of silicone oil on outer surfaces of 

aliminium and SS cylinders. The oil coating caused a delay in the contact between the water 

vapour and the metal surfaces. The buildup of charges on the coated metal samples could be 

neglected up to the level when RH reached 95%.  

The above-mentioned observations led to the possibility of generating electricity by inducing 

charges in metal samples placed under high humidity. This was verified by Fernando by 

constructing a device composed up of precise order of sheets of filter paper stacked on top of 

each other, aluminium, filter paper, stainless steel and lastly filter papers. These stacks account 

for capacitors with electrodes made up of two metals coated with layers of oxides, which show 

different adsorptive behaviors. The electrodes are separated by a dielectric of porous nature 

which has a high capacity of absorbing water vapour. They were then mounted inside a grounded 
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aluminium box kept inside a Faraday cage. Both electrodes were connected to an electrometer. 

When the humidity was increased, a steep increase in voltage between both metal sheets was 

observed as shown in Figure 13.  

  

Aluminium, SS and chromium attain charge when placed under high humidity and are famous 

for their good resistivity to oxidation. This is because of the protection provided by coating 

metal from the atmospheric effects. Water vapor is absorbed in the oxide layer that leads to 

significant changes in the structure [53]. 

Figure 13: Charge-discharge cycle of capacitors 

composed of two metal sheets (SS and 

aluminium) with a cellulose sheet separator and 

enclosed inside two cellulose sheets under humid 

N2 atmosphere [45]. 
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Cr and Al oxides are amphoteric in nature which means they can react with both acids and bases. 

Layer of aluminium oxide on metals have O and OH sites that follow the Bronsted/Lewis acid-

base properties, which are considerably independent of the oxidation process [54]. However, 

dry aluminium generally demonstrates marked acidic characteristics [55]. Hydroxyl groups are 

present in mixed aluminium-chromium oxides that are prepared using sol-gel methodology to 

be used as catalysts to depict a contradictory acid-base behavior. Chromium oxide sites have 

basic nature and aluminium oxide sites have an acidic nature [56]. Hence, when both of these 

two oxides are formed, the H+ ion favors to binds to Cr oxide. However, Al+3 ion also collects 

OH- ions from aqueous solution. Water itself is amphoteric in nature, and acts as acid or base 

under different conditions.  Water molecules that are absorbed contribute in providing either H+ 

or OH- ions to the surface of metal samples coated with a layer of oxide, which depends on its 

state and nature. Thus, it imparts an overall charge on the surface of the metal sample. This 

explains that the charging of metal under high level of humidity is due to few acid-base reactions 

that occur on the surface such as: 

S + H2O = S (OH
-
) + H+ or S + H2O = S (H

+
) + OH- [45] 

Where S signifies surface sites and the OH- or H+ ions are released into the surrounding 

atmosphere which are bound to the clusters of desorbed water molecules. OH- or H+ ions that 

are derived from absorbed water could be present beforehand in gaseous phase in the form of 

ionic water clusters [57]. A significant concentration of ions in the gas phase increase their 

absorption which leads to contribution of charge present on the metal sample. The adsorption 

and desorption of the water molecules to and from the metal sample, which depends on the acid-

basic nature of the oxide layer on it, imparts a positive or negative charge onto the metal [45]. 

Results achieved by Ducatui et al. [45] have proved to be a vital pillar to demonstrate the role 

played by water as a reservoir of charge for solid, which initially was considered solely for 

dielectrics, but now has been further extended to include metals also. Figure 14 shows a 

schematic representation of the exchange of charges. 
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On the top, formation of a positive charge is depicted over a basic oxide and in the bottom of 

the figure, negative charge formation is occurring over an acidic oxide layer. Water molecules 

are neutral and amphoteric in nature so they tend to combine differently with oxides depending 

on their acidic-basic characteristics. This is a matter of high significance to understand how the 

growth of water layers that is absorbed on most surfaces result in changing the overall electrical 

nature [58].  

Another successful experiment conducted by Gouveia and Galembeck in 2009 [59], proved that 

electric potential varies with a change in relative humidity within a closed system that is 

electrically isolated and grounded. Films of noncrystalline silica and aluminium phosphate were 

investigated using Kelvin probe force microscopy (KPFM). Relative humidity was increased 

from 30% to 50% and then 70% which was then decreased back to 30%. The comparison of 

KPFM electric potential of sample at each relative humidity value showed that the amount of 

average electrical potential increased with an increase in the value of relative humidity and it 

decreases when relative humidity value is decreased as shown in Figure 15 where x-axis shows 

the line-scan distance (nm) and y-axis represents electric potential (V). Distance (a standard 

Figure 14: Charge transfer mechanism from the atmosphere to surface of 

metal [45]. 
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feature of all SPM scans) means the location (coordinates) on the sample where electric potential 

was measured. 

According to the Figure 15, the electric potential was maximum at 70% RH and minimum for 

30%. The electric potential became more negative when the humidity was decreased from 70% 

to 30% which is because the amount of water desorption increases the overall charge in the 

sample even when the system is grounded.  

A similar experiment was performed using Stöber silica particles and variation in the value of 

electric potential was observed while changing the amount of relative humidity as shown in 

Figure 16. However, silica particles showed an overall shift towards negative electrical potential 

under higher humidity conditions.  

Figure 15: Variation of electric potential of aluminium phosphate particles at 

different relative humidity value [59]. 
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As shown in Figure 17, value of electric potential was more negative for 70% RH and less 

negative when RH was decreased to 30 %. The difference in electric potential was less when 

value of humidity was increased from 30 % to 70 % but large reverse was observed when the 

value of humidity was returned to 30 %. This shows that Stöber silica particles have more 

repeatability compared to aluminium phosphate particles. 

Both experiments show repeatability and variation of electric potential with a change in relative 

humidity. This can be explained by assuming that ion partition is related to the adsorption-

desorption phenomenon. Clusters and desorbed water molecules carry an excess positive charge 

despite overall negative potential of the sample. The results of this experiment verify that the 

atmosphere acts as electrostatic charges’ source and sink in dielectrics due to splitting of OH- 

and H+ ions. This is because of water adsorption and hence atmospheric humidity is a source of 

charge which can be harnessed [59].  

Recently, more research has been conducted to study the relationship between humidity and 

electrical potential. In May 2017, ZrO2 nanopowder doped with 3 mol % Y2O3 were studied by 

Figure 16: Variation of electric potential of Stöber silica particles at 

different relative humidity value [59]. 
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Doroshkevich et al. [60] to investigate the effect on electrical potential during humidification. 

They studied the relationship between variation of weight of the sample by absorbing water and 

the electrical potential generated as shown in Figure 17. 

As seen from Figure 17, when weight changes due to humidification, the value of electrical 

potential also varies which supports the concept of Hygroelectricity. Similar results were 

achieved by Bikov, 2016 [61], during his Master’s thesis when he investigated zirconia 

nanocomposites. Electric potential of samples containing different amount of ZrO2 were studied 

while changing the value of humidity around it from 3 % to 18 % and the result are shown in 

Figure 18. 

Figure 17: Variation of (1) weight, δm (mg) and (2) 

electric potential, V (mV) with time (min) [60]. 

Figure 18: Variation of electrical potential when changing 

relative humidity from 3 % to 18 % [61]. 
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As seen from Figure 18, value of electrical potential varied as humidity was changed.  These 

results open a whole new approach to harness electricity from atmosphere. Metals and alloys 

can be used conveniently to trap charge present in atmosphere and transfer them to circuits and 

specially designed devices. It may also help to design new and better protective and 

precautionary measures for electrical circuits of vast range of sizes. These researches carried 

out by Galembeck and other researchers laid the foundation for this Master’s thesis to test if 

similar results can be obtained by zirconia when RH is changed for a larger range i.e. 0 % to 

100% in a controlled environment.  

2.4 Electric potential at nanoscale 

At the moment, various nanomaterials are under critical research, in order to fully exploit the 

benefits available at the nanoscale. However, few of them have been discussed below due to a 

time constraint.  

The discovery of freestanding form of nanoscale graphene was made in 2004. However, despite 

its comparatively young age, graphene has secured its attractive position in scientific community 

due to its unique electrochemical, optical, electronic, thermal and mechanical properties and 

diverse applicability in various industrial processes. One of the most important characteristics 

of an electrode material is the surface area it has. Surface area is significant parameter for 

various applications such as bio-catalytic devices, energy storage devices and sensors. It has 

been theoretically proved that graphene has a surface area of 2630 m2g-1, whereas surface area 

of graphite is ~ 10 m2g-1 and carbon nanotubes have a surface area of 1315 m2g-1 which is half 

the surface area of graphene [62]. Moreover, the calculated value of electrical conductivity of 

graphene is ~ 64 mS cm-1, which is 60 times greater than the electrical conductivity of single 

walled carbon nanotubes. Additionally, the electrical conductivity of graphene continues to be 

stable over a huge range of temperatures ranging as low as temperature of liquid helium [63]. 

Graphene has a distinctive bandgap, which renders the quasiparticles present in it and makes it 

identical to Dirac Fermions that are considered to be massless [62]. Another interesting 

electronic property of graphene is its ability to display half-integer quantum Hall effect with its 

Fermi velocity vF ≈ 106 m s-1 (effective speed of light) and this can even be observed in graphene 
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placed at room temperature [64]. In addition, it is possible to control the charge density of 

graphene by dint of a gate electrode [65]. For instance, the mobility of ultra-high electron has 

been attained in suspended graphene [66] and motilities exceeding 2000000 cm2 V-1 s-1 with 

electron densities of approximately 2 x 1011 cm-2 were attained, when a single graphene 

nanosheet (150 nm) was suspended above a gate electrode composed of Si/SiO2.  

These unique properties of graphene enable it to conduct super-current [67] better than carbon 

nanotubes or graphite. Graphene’s fast and continuous charge carriers, gives it a higher crystal 

quality and enables it to travel across distances as long as several thousand atoms without 

scattering [63]. The isolated crystallites of graphene show extraordinary electronic qualities and 

graphene demonstrates the highest rate of electron motilities as compared to any other possible 

material giving graphene an upper hand in many applications as electrodes made up of graphene 

will react faster [63].  

Gold nanoparticles have gained popularity in the past few decades as it turned out to be a 

promising nanomaterial with favorable electrical transport properties for various applications at 

nanoscale. The synthesis and arrangement of gold nanoparticles in 1,2 and 3 dimensions has 

resulted in exceptional electrical properties [68], which is caused by Coulomb charging electron 

transfer supported by molecules and would prove to be beneficial for upcoming 

microelectronics. However, a vast research is required at the moment to attain reliable results. 

Moreover, computer models will be required that tolerate any time of defects along with super 

intelligent software [69], for storage of information and exchange of memory devices to fully 

exploit the benefits of reliable chemically synthesized nanostructures. 

Silver nanoparticles have also gained popularity and attracted an extensive scientific research 

due to their unique electronic, optical and chemical properties which are dependent on the shape, 

size, crystallinity, structure and composition of the particles [70]. Silver nanoparticles have been 

mainly exploited to be used as microelectronic, catalytic, antibacterial and sensor materials [71]. 

The vast range of applications is due to the unique properties exhibited by silver nanoparticles, 

such as its melting point which can be reduced drastically due to the fact that the surface energy 

of these nanoparticles can increase tremendously because of the extreme small size of the 

nanoparticles [72].  
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2.5 Recent studies of ZrO2 nanocomposite 

This thesis deals with ZrO2 nanocomposites so the applications and previous researches 

regarding this nanocomposite have been studied in detail. Zirconium oxide nanocomposites are 

available in many forms such as nanofluids, nanodots and nanocrystals. Zirconium oxide 

nanoparticles are often doped with other composites such as yttrium oxide and magnesia. 

Zirconium oxide is also known as zirconium, zirconia, zirconic anhydride and zircosol [73]. 

It is important to know the unique characteristics and properties of zirconia to understand its 

capabilities. The following table shows selection of chemical properties of zirconia. 

Table 3: Chemical properties of ZrO2 [73]. 

Property Chemical data 

Chemical symbol ZrO2 

CAS No 1314-23-4 

Group  Zirconium 4 

Oxygen 16 

Electronic 

configuration 

Zirconium [Kr] 4d2 5s2 

Chemical 

composition 

Zirconium 74.03% 

Oxygen 24.34% 

 

Where CAS No. is a unique number allotted to chemical substances by Chemical Abstract 

Service (CAS).  

Table 4 shows the physical properties of Zirconia. 

Table 4: Physical properties of ZrO2. [73] 

Property Physical data 

Density 5680 kg/m3 
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Molar mass 231.891 g/mol 

Melting Point 2715 °C 

Boiling Point 4300 °C 

 

According to the research carried out by W.Chen et al. [74] ZnO2 nanoparticles having an 

average particle diameter of 3.1(3) nm are synthesized by means of chemical reaction. ZrO2 

nanocomposites have a cubic structure and the lattice parameter is equal to 4.874(1) Å. The ions 

of Zn and O are located at the coordinates (000) and (0.413, 0.413, 0.413) respectively. The Zn: 

O ratio of composition of the nanoparticles is 1:1.9. This cubic structure of ZnO2 remains stable 

till 230⁰C under ambient pressure and up to 36 GPa with ambient temperature. ZnO2 

decomposes and breaks down into ZnO when it is exposed to temperatures above 230 ⁰C. Cubic 

structured ZnO2 nanoparticle has a bulk modulus (Bo) of 174(5) GPa and its pressure derivative 

(Bo′) has a numerical value of 4.71. W.Chen, et al. [74] concluded that ZnO2 nanomaterial 

belongs to the category of indirect semiconductors and has an energy bandgap of 4.5(5) eV 

which is paramagnetic down numerically to 5 K. 

Vantomme et. al. synthesized a new type of three-length-scaled porous zirconim oxide material 

with surface area greater than 900 m2g-1 [75]. It has a uniform macroporous structure (300-350 

nm) of a supermicroporous, having size of 1.5 nm, nanoparticle approximately 25 nm in size as 

shown in Figure 19.  
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Figure 19: (a,b) SEM image of synthesized zirconium particles displaying uniform 

macroporisity; (c) TEM image at a low magnification, of a cross section of zirconium 

highlighting its uniform microporous structure and mesovoids in the wall; (d) TEM image of a 

region of the microporous wall with high magnification, to show the arrangement of zirconium 

nanoparticles inside the wormhole like supermicropores having an irregular assembly of 

mesovoids [75]. 

These nano-structures have an assembly of irregular mesovoids which are 20-60 nm in the walls 

having microporous nature as shown in Figure 17. This new material was prepared by one-pot 

technique and alkyltrimethylammonium was used as a surfactant material [75]. High-surface-

area zirconium oxide has significant practical applications in a vast number of fields such as 

separation and catalysis.  

3 Methodology  
 

The famous seminar talk “There’s Plenty of Room at the Bottom”, given by Richard Feynman 

at the annual meeting of the American Physical Society in 1959 left a huge impact on the 

development in the field of nanotechnology. In his talk [76], Feynman emphasized that the laws 

of physics do not act as a barrier in manipulation of nanomaterials. This section deals with the 
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development in the field of microscopy and the working principles of different types of 

microscopies available currently.  

3.1 Scanning Probe Microscopy (SPM) 

Scanning probe microscopy is one of the techniques used for microscopy in which a physical 

probe is used to scan the surface of sample. In the year 1981, this technique was initiated by the 

Foundation of Scanning Tunneling Microscope (STM). In STM, the surface topography is 

measured which generates a map of heights relative to the roughness of the surface. The 

roughness of topography is measured with the help of tunneling current inside vacuum present 

between the probe and the conductor [77]. Due to great advancement in the field of 

semiconductor materials and insulators, a new type of microscope, Atomic Force Microscopy 

(AFM) was constructed in 1986, which included a small reflective cantilever plate and a 

photodiode which is discussed in Section 3.2 in more detail. Both STM and AFM proved to be 

highly beneficial in studying surface properties earned their developers Binning and Rohrer a 

Nobel Prize in 1986 [78]. 

Within the last three decades at least 30 different types of scanning probes devices have been 

made available which use a different source of information such as noise, light radiation and 

capacity etc. Each type of microscope measures a specific type of force for example magnetic 

interaction or electrical forces [78]. Flow chart in Figure 20 shows the general classification of 

Scanning Probe Microscopy family. 

 

Figure 20: Classification of Scanning Probe Microscopy [78].  
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It is not possible due to time constraint and the scope of this thesis to discuss all the different 

types of microscopes so few have been discussed below in detail which serve the purpose of 

this writing i.e. AFM, KPFM and QNM™.   

 

3.2 Atomic Force Microscopy (AFM) 

Atomic force microscopy depends on its ability to sense small forces. A cantilever is present 

which has a sharp tip and is a means of sensing small forces exerted on the tip by atoms in the 

sample. To sense and interpret the small forces existing between atoms, it is essential that the 

cantilever probe is insensitive to any inessential disturbance from the surroundings. These 

extraneous disturbances are usually caused by sources for instance building vibrations having 

significant power spectral density in frequency ranging from 0-2 kHz [79]. Hence, to avoid 

unnecessary effects caused by external disturbances, it is important to keep the resonance 

frequency of the cantilever greater than 2kHz. However, it is equally important for the cantilever 

to be sensitive enough to register the interatomic forces.  

The forces present between the sample and the tip of the cantilever range from 10-7 – 10-12 N. 

To achieve deflection greater than 1 Å for a force equivalent to 10-12 N, the value of spring 

constant (k) of the cantilever should be less than 0.01 N/m [79]. If stiffness is 0.01 N/m and 

resonance frequency is 2kHz, it indicates a mass less than 10-10 kg. These requirements are 

fulfilled by microcantilevers and they are usually fabricated with silicon oxide and silicon nitride 

by microfabrication methods. In AFM, the typical dimensions of microcantilevers for length, 

width and thickness are 100, 10 and 2 μm respectively. However, the stiffness of 

microcantilevers can fall in the range between 0.06 - 100 N/m [79].  

Figure 21 shows a typical setup of AFM. Deflection of the cantilever is measured with the help 

of a laser beam. The laser beam is made to focus on the cantilever and the beam is reflected 

from the surface of the cantilever into a split photodiode as shown in Figure 19. The deflection 

of the cantilever causes a change in the angle between the cantilever surface and the incident 

laser beam. A change in this angle in turn induces a changes the incidence position on the split 

photodiode and is recorded as a change in the voltage of the photodiode. The length of the 

reflected path of the laser is directly related to the cantilever deflection and amplifies it. 
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As shown in figure, one end of the cantilever is fixed to the base which is typically connected 

to a dither piezo and the piezo oscillates the base of the cantilever. A scanner stimulated by 

piezoelectric material helps in positioning the sample in a lateral and vertical direction during 

the imaging process.  

 AFM operates in contact, intermediate and non-contact modes. In contact mode, AFM’s tip and 

the surface of the sample touch and the repulsive force between the tip and the sample deflects 

the cantilever. This deflection is monitored and is utilized as the feedback signal. In non-contact 

and intermediate mode, the cantilever is oscillated externally close to or at its resonance 

frequency. The sample-tip interaction varies with the change in distance between them which 

results in a resonance frequency in non-contact mode and an oscillating amplitude in 

intermediate mode. The change in amplitude and frequency is used as feedback signal [80] to 

obtain the topography map of the surface of the sample and is known as Amplitude Modulation 

(AM) and Frequency Modulation (FM) respectively which are shown in Figure 22. 

Figure 21: Diagrammatic representation of an 

AFM setup [79]. 
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As seen from Figure 22 (a), the amplitude of oscillation increase when the sample-tip distance 

increases because of decrease in the interaction between tip and sample. The tip-sample is 

monitored constantly and regulated with the help of feedback system to keep the distance 

between the tip and sample constant at a point that is pre-determined. Hence, AM mode directly 

represents the force between the sample and the tip. Figure 22 (b) show FM mode where changes 

in the frequency of oscillation gives information about the interaction between the tip and 

sample. Feedback system monitors the change in frequency to keep constant the set-point 

frequency which is used to map the topography of the sample. 

3.2.1 Kelvin Probe Force Microscopy (KPFM) 

Kelvin probe microscopy was introduced to measure the amount of local contact difference 

between the sample and a conducting AFM therefore, KPFM uses the same instrumentation as 

AFM. KPFM measures contact potential difference (CPD) between the sample and the tip of a 

conducting AFM. It maps the sample’s surface potential or the work function with high spatial 

resolution. It was first introduced in 1991 by Nonmenmacher et al. [80] and since then KPFM 

has been used in various methods for characterizing electrical/electronic properties of 

semiconductor devices or surfaces that are metal/semiconductor in nature. 

In high resolution KPFM, short range between the sample and AFM’s tip strongly affects CPD. 

CPD measured with respect to short range force is known as local contact point difference 

Figure 22: Schematic illustration of non-contact AFM mode: (a) Amplitude modulation mode 

and (b) Frequency modulation mode [80].  
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(LCPD) [81]. It is critical to differentiate between CPD and LCPD while working with KPFM. 

The CPD, denoted as VCPD, between the sample and the tip is defined by the following equation: 

𝑉𝐶𝑃𝐷 =
𝜙𝑡𝑖𝑝 − 𝜙𝑠𝑎𝑚𝑝𝑙𝑒

−𝑒
  

where, ϕtip and ϕsample represent the work functions of the tip and sample respectively and e 

represents electronic charge. When tip of an AFM is brought closer to the surface of a sample, 

electric force is generated between the surface of the sample and the tip because of the difference 

in their Fermi energy levels. Figure 22 shows an energy level diagram of the surface of sample 

and the tip when ϕtip and ϕsample are different. 

Figure 23 (a) represents diagrammatically the energy levels of the sample’s surface and the tip 

separated by distance d and having no electrical contact between them. When an electrical 

contact is established, the Fermi levels will get aligned through the flow of the electron current, 

thus, the system will regain the equilibrium state. Figure 23 (b) shows the case when the sample 

and the tip are charged establishing VCPD between them, where the Fermi levels remained 

aligned but vacuum levels are at different levels. Due to this VCPD, electrical force starts acting 

on the area of contact. 

 

Figure 23: Electronic energy levels of AFM tip (T) and sample (S) for three distinctive cases: 

(a) sample and tip are separated by a distance ‘d’ and have no electrical contact; (b) sample and 

tip in an electrical contact; (c) an external bias (VDC) is applied between sample and tip to 
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invalidate the CPD and thus the electrical force between tip and sample (Ev shows the vacuum 

energy level, Eft and Efs represent the Fermi energy levels of the tip and the sample respectively) 

[81]. 

Figure 23 (c) demonstrate that the electrical force on the contact area can be nullified. When an 

external bias (VDC) is applied, it has the same magnitude as that of the VCPD but in opposite 

direction. This voltage will eliminate the surface charge present in the contact area. The amount 

of external bias (VDC) that reverses the electrical force caused by VCPD is equivalent to the work 

function difference between the sample and the tip. Hence the work function of the sample can 

be calculated provided the tip work function is given. Work function of the sample can be 

measured by KPFM when AC voltage (VAC) plus DC voltage (VDC) is applied to the AFM tip. 

Oscillating electrical forces are generated between the AFM tip and sample by VAC, and VDC 

nullify the oscillating electrical forces caused by CPD between the sample’s surface and the tip 

of AFM. Electrostatic force (Fes) between the sample and the tip is given by: 

𝐹𝑒𝑠(𝑧) =  −
1

2
𝛥𝑉2

 𝑑𝐶(𝑧)

𝑑𝑧
 

Where z represents the direction perpendicular to the surface of the sample, ΔV is the value of 

potential difference between the voltage applied to the tip of AFM and VCPD, and dC/dz shows 

the gradient of capacitance between sample’s surface and tip. If VAC sin(ωt) + VDC is applied 

across the tip of AFM, the voltage difference (ΔV) is calculated by: 

∆𝑉 = 𝑉𝑡𝑖𝑝 ± 𝑉𝐶𝑃𝐷 = (𝑉𝐷𝐶 ± 𝑉𝐶𝑃𝐷) + 𝑉𝐴𝐶sin (𝜔𝑡) 

Where,” ±” sign depends on where the bias (VDC) is applied; if it is applied to sample it is + and 

if it is applied on tip it is -. Substituting ΔV into Fes (z) results in the electrostatic force applied 

to the AFM’s tip which is as follows:  

𝐹𝑒𝑠(𝑧, 𝑡) = −
1

2

𝜕𝐶(𝑧)

𝜕𝑧
[(𝑉𝐷𝐶 ± 𝑉𝐶𝑃𝐷) + 𝑉𝐴𝐶 sin(𝜔𝑡)]2 

The expression obtained for Fes (z,t) can divided into three sub equations; 
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𝐹𝐷𝐶 = −
𝜕𝐶(𝑧)

𝜕𝑧
[
1

2
(𝑉𝐷𝐶 ± 𝑉𝐶𝑃𝐷)]

2

 

𝐹𝜔 = −
𝜕𝐶(𝑧)

𝜕𝑧
(𝑉𝐷𝐶 ± 𝑉𝐶𝑃𝐷)𝑉𝐴𝐶sin (𝜔𝑡) 

𝐹2𝜔 =
𝜕𝐶(𝑧)

𝜕𝑧

1

4
𝑉𝐴𝐶

2 [cos(2𝜔𝑡) − 1]  

FDC gives the amount of static deflection of the AFM’s tip, Fω is used to measure the value of 

VCPD where ω is the frequency and F2ω is used in capacitance microscopy.  

For semiconductor surfaces, Fω is calculated by: 

𝐹𝜔 = −
𝑄𝑠

𝜀0

 𝐶𝐼𝐶𝐷

𝐶𝐼+𝐶𝐷

𝑉𝐴𝐶sin (𝜔𝑡) 

Where Qs represents the total amount of charge present near the semiconductor’s surface due to 

surface potential, ε0 represents the dielectric constant, CI is capacitance related to the air gap 

between sample and tip and VAC, and CD is the capacitance related to VAC and space-charge-

layer (SCL) on the surface of a semiconductor. 

KPFM can operate in Frequency Modulation (FM) and Amplitude Modulation (AM) modes just 

like AFM can be used to detect atomic forces by both modes. The electrostatic force denoted by 

Fω can be detected by both modes in KPFM. In AM mode, KPFM directly measures Fω from 

the amplitude of the oscillation of the cantilever (ω) that is induced by VAC and VCPD. When 

VDC is applied to the tip of the AFM to nullify the amplitude that is measured it also measures 

VCPD. However, in the FM mode, KMFM detects the shift in frequency at ω and to nullify the 

shift in frequency, VDC is applied to the tip of the AFM which measures VCPD. 

KPFM measures both VCPD and topography side by with the help of AFM tip. Therefore, it is 

essential to have a strategy to separate VCPD from the topographical signal. In an experimental 

setup for KPFM to avoid any cross-talk between CPD measurement and the topography signal, 

modulation is carried out in VAC at a frequency that is higher than the bandwidth of the feedback 
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system of topography [81]. In KPFM AM mode, the topography is measured by tracking the 

oscillation at the first resonance frequency of the tip of AFM, whereas VCPD is also measured by 

amplitude of the oscillation but at the AFM tip’s second resonance frequency. However, the 

amplitude of the second resonance peak is numerically less than one-third of the peak of the 

first resonance frequency. The second resonance peak’s frequency is 6 times the frequency of 

the first resonance peak [82]. To excite the tip of AFM by means of electrical force, the VAC is 

tuned to the second resonance frequency whereas the first resonance frequency is used to control 

the height of the tip. These strategies help to segregate the signals of topography and VCPD. In a 

converse manner, in FM mode of KPFM, the tip of AFM is excited mechanically with the help 

of first resonance frequency. VAC helps in inducing a modulation in the electrostatic force and 

this modulation is detected by the superimposed oscillation due to the frequency variation of the 

AFM tip’s mechanical oscillation [82]. This enables to separate the signal of VCPD and 

topography. 

Figure 24 shows the schematic diagram of an experimental setup of KPFM. The lower part of 

the schematic diagram demonstrates the FM mode of AFM system to measure topography 

whereas the upper part is composed up of components required to carry out CPD mapping and 

include lock-in amplifier and KPFM controller. The bold straight lines and the dashed lines in 

the diagram demonstrate the FM and AM modes KPFM respectively. VAC is applied to the AFM 

tip via lock-in-amplifier reference signal voltage output (OSC out) [81]. In the FM mode, 

frequency shift signal shown as Δf is split into two signals; one signal is fed into the z regulator 

to perform topographic imaging and the other signal is sent to the lock-in amplifier. The lock-

in amplifier helps in the extraction of the signal that has the same frequency as VAC and then 

feeds this signal to the KPFM controller. The KPFM controller maintains the feedback system 

which nullifies the lock-in output signal by the application of VDC to the tip. In contrast, in AM 

mode, VAC having the same frequency as the second resonance peak of the oscillation of the tip 

is applied to the tip of AFM to cause excitation in the tip with the help of electrical force.  
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Figure 24: Schematic diagram of KPFM system showing AM and FM modes separately. Lower 

part is FM mode AFM system to carry out topography imaging and upper part shows KPFM 

system to measure CPD [81]. 

The KPFM controller that is measuring CPD uses the second resonance frequency component. 

It is critically important to prepare conducting and atomically sharp AFM tips for high-

resolution KPFM.  

3.2.2 Quantitative Nanoscale Mechanical Property Mapping (QNM™) 

Peak Force QNM™ was released by Veeco in 2010 and it made it possible to reduce the need 

of utilizing special probes. Peak force QNM works on the principals of Veeco’s Peak Force 

Tapping TM technology for the feedback system. It is possible to conduct high-resolution 

mapping of mechanical properties keeping number of pixels and scanning speeds similar to 

Tapping Mode. Analysis of the data collected from the force curve can be done on the fly which 

provides a map of several mechanical properties. The resolution of the map and the height of 

image are same. This feature has helped in minimizing the loss of resolution due to larger area 

of tip-sample contact by limiting the sample deformation depths to a few nanometers [83]. 

Moreover, Peak Force Tapping also provides the possibility to directly control maximum normal 

force, as a result the deformation depth of the sample can be controlled and any lateral forces 

are eliminated. This serves as a protection for both the sample and the tip. Another important 
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benefit of using Peak Force Tapping is achieving unambiguous quantitative data for a wide 

range of materials due to availability of many different probes. Broad range of adhesion or 

modulus properties can be covered while excellent signal-to-noise ratios are maintained. The 

entire force curve can be analyzed for each single tap alloying independent measurement of 

different properties [83].  

Peak Force QNM™ uses force-volume technique and the speed with which the curves for force 

can be attained is increased significantly i.e. at 1 or 2 kHz. A complete force curve is generated 

for each pixel in the image which results in a large time required to receive the data [84]. QNM™ 

mode has been recently introduced, hence a limited number of scientific publications is available 

for it. 

Force-time curve achieved from QNM™ is displayed in Figure 25 where B is the contact point 

of the probe and the sample, C is the peak force and D shows the adhesion. 

 

The blue part of the curve shows the approaching of the tip towards the sample and the red part 

indicates retract. The information of z-position is used to convert the heartbeat into force curve 

plot which is analyzed to produce the peak force to create a control feedback signal and the 

sample’s mechanical properties such as modulus, adhesion, dissipation and deformation at 

nano-scale etc [85]. These properties can be used in future to study the impact of humidity on 

Figure 25: One cycle of QNM™ 

mode or (Force vs Time curve) [85]. 
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electric potential. Such as the map of adhesion can be generated by areas on the sample where 

charge is accumulated, and this can give us additional detailed insight into the relationship 

between humidity and electric potential. 

 

4 Experimental Components and Procedure 

This section deals with the components used in the experimental setup in detail regarding the 

working principles, how and why they were chosen. Moreover, final experimental setup is 

discussed along with the challenges faced during the establishment of the setup.  

4.1 Sensors 

Humidity accounts for the presence of water molecules in air. Most manufacturing processes 

work best under a certain range of humidity and are effected by the amount of water vapours 

present in the surrounding atmosphere. Water vapour can also influence a variety of chemical, 

biological and physical processes. Hence, the measurement of humidity is a critical requirement, 

because it may have a direct or indirect impact on final cost of products and health of people 

working in a humid environment. [86]. 

The most common units to measure humidity are Dew/Frost point (D/F PT), Relative Humidity 

(RH) and Parts Per Million of water molecules in gas (PPM) [87]. RH is a relative measurement 

and indicates humidity as a function of temperature. While D/F PT is in relation with gas 

pressure, however, it is independent of temperature. This makes D/F PT an absolute term like 

PPM. Figure 26, shows the relation between these units. 

Figure 26: Co-relation between Relative Humidity, 

Dew point and Parts Per Million of water molecules 

in gas at 1 atm [87]. 
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Measurement of humidity helps in determining the amount of water vapor present in a gaseous 

state which may be a type of mixture, for instance air, or it may be some pure gas for example 

argon or nitrogen. There are various terms commonly used to indicate the humidity level as 

tabulated in Table 5. 

Table 5: Various terminologies used to indicate the level of moisture [86]. 

No. Term Definition Unit 

1 Absolute Humidity 

(Vapor Concentration) 

Ratio of mass (vapor) to volume. grams/m3 

2 Mixing Ration or Mass 

Ratio 

Ratio of mass (vapor) to mass (dry gas). grams/m3 

3 Relative Humidity Ratio of mass (vapor) to mass (saturated 

vapor) or ratio of actual vapor pressure to 

saturation vapor pressure. 

% 

4 Specific Humidity Ratio of mass (vapor) to total mass. % 

5 Dew Point Temperature (above 0 ⁰C) at which the water 

vapor in gas condenses to liquid water. 

 ⁰C 

6 Frost Point Temperature (below 0⁰C) at which the water 

vapor in a gas condenses to ice. 

⁰C 

7 Volume Ratio Ratio of partial pressure (vapor) to partial 

pressure (dry gas) 

% by 

volume 

8 PPM by Volume Ratio of volume (vapor) X 106 to volume (dry 

gas) 

PPMV 

9 PPM by Weight PPMVX PPMW 

 

In this experiment five sensors were used to check the relative humidity level. One analog 

Honeywell HIH-4040 humidity sensor and 3 different types of digital humidity sensors: Vaisala, 

KIMO and two Humidity sensors DHT 11. Three humidity sensors were available for the 

experiment i.e. Honeywell HIH-4040 humidity sensor and two DHT-11 sensors. However, all 

three sensors were wrongly calibrated so two other humidity sensors, Vaisala and KIMO, were 
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borrowed from LUT Chemistry Department to compare and chose the best sensor to calibrate 

our three sensors and later choose the best among Honeywell HIH-4040 and the two DHTs. The 

accuracy of all five sensors is shown in Table 6. 

Table 6: Specifications of sensors used in experiment. 

Sensor Relative 

Humidity % 

RH 

Temperature ⁰C Accuracy Relative 

Humidity % RH 

Accuracy 

Temperature ⁰C 

KIMO VT 210: 

Probe SMT 900 

5 - 95 -20 – 80 ± 1.8 ± 0.3 

Vaisala HMI 41: 

Probe Vaisala 

HMP46 

0 - 100 -40 – 100 ± 2.1 ± 0.3 

DHT11 (4 pin) 20 - 90 0 – 50 ± 5 ± 2 

Honeywell HIH-

4040 

0 - 100 -40 – 85 ± 3.5 - 

 

In order to get the accurate readings, the sensors had to be calibrated according to some reference 

sensor. Initially, KIMO was considered as the reference as it is a highly-sophisticated apparatus 

and enjoys a wide range of suitable operational conditions. Moreover, KIMO was recently 

calibrated in January 2016 Department of Chemistry (LUT), however later it was decided not 

to use it as reference as it was found to be uncalibrated and failed to give accurate readings when 

it was compared to the controlled environmental conditions in paper room (LUT) where the 

conditions are maintained at 23 ± 1 ⁰C and relative humidity of 50 ± 2 % whereas KIMO was 

showing RH value of 68.6% as shown in Figure 27. 
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Relative humidity and temperature were measured in different environmental conditions using 

all five sensors as shown in Table 7. 

Table 7: Relative humidity and temperature measured in various environments. 

 

Environment HIH-

4040 

DHT11 -1  

 

DHT11 -2 Vaisala HMI 41 KIMO VT 210 

RH(%) T(⁰C) RH(%) T(⁰C) RH(%) T(⁰C) RH(%) T(⁰C) RH(%) 

AFM Room 

(1037) 

39 19 21  19  33 19.4 25 19 47 

SEM Room 

(2443B) 

34 21 22 22 33 21.1 23.3 21.2 48.2 

Saimaa 

Restaurant 

45 20 33 21 39 20.1 21.8 21.4 58.3 

Figure 27: Controlled environmental conditions in paper room 2153 

(LUT) and readings displayed by KIMO sensor. 
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Street (26.10) 

1⁰C / 95% 

68 9 29 10 40 6.8 55 2 82 

Paper Room 

(2153) 

57 23 42 24 43 23 49 23.2 68.6 

Paper Lab. 

TH-KE-100 

system (2152) 

86 21 57 21 62 23 75 _ _ 

Wet napkin 117 15 95 16 93 19 96 19 100 

Air-line-AFM 

Room (1037) 

15.5 19 21 19 32 18.8 5.5 18.8 24.8 

Air-line SEM 

(2443B)  

8 23 19 23 28 23.5 2 23.9 20 

Liquid 

Nitrogen 

AFM Room 

(1037) 

7.7 19 21 19 32 _ _ _ _ 

Nitrogen line- 

SEM Room 

(2443B) 

6 22 19 22 29 23.3 0.4 25.8 17 

 

The values were used to construct graph shown in Figure 28 to compare and choose the most 

suitable reference sensor. X-axis shows the true humidity values and y-axis shows the readings 

obtained by the other humidity sensors to choose the best candidate to be used as reference to 

calibrate Analog HIH and DHT-11 sensors. 

Only those readings of each sensor were used to construct the graphs which lied inside the 

operating range of the sensor to exclude the wrong values obtained due to the limitations of the 

sensor.  
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Figure 28: Comparison graphs of all available humidity sensors with respect to expected 

humidity values to choose the best humidity sensor. 

The graph of expected humidity was drawn as a linear graph between coordinates (0, 0) and 

(100, 100) which signifies that when the humidity is 0 % and 100 % the reading shown by sensor 

is 0 % and 100 % respectively. As shown in the Figure 28, Vaisala sensor graph trend mimics 

the expected value trend line most successfully, hence it was chosen as the reference sensor to 

calibrate the three other sensors used for the experiment: analog HIH-4040, DHT11-1 and DHT 

11-2. Figure 28 also shows the equation of each trend line and the coefficients in each equation 

were used to recalibrate the sensors by adding these coefficients in the code mentioned in 

Section 4.3 in order to program the Arduino Uno to connect humidity sensor. 
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The graph also clarified that among analog HIH-4040 and the two digital DHT 11 sensors, HIH-

4040 was most accurate to be relied on for the experimental measurements as it had shorter 

response time and the measurement values were repeatable and more accurate compared to DHT 

11. It was also chosen because the operating range of HIH-4040 is wider as compared to the 

digital sensors hence all microscope readings were carried out by using Honeywell HIH-4040 

as the humidity sensor. 

4.1.1 Working principle and type of Humidity Sensors 

Relative humidity sensors are composed up of thermoset polymer, platinum electrodes, three 

layered construction of capacitors and silicon chip on which voltage output signal conditioning 

is integrated as shown in Figure 29. 

 

During operation, water vapour present in the dielectric layer of the active layer reaches 

equilibrium with the surrounding gas. The platinum layer, which is porous in nature, acts as a 

shield for the dielectric response from any external influences. The protective polymer present 

over the layers gives protection to the platinum layer against contaminants such as dust, dirt and 

oil. A heavy layer of contaminants may slow down the response time of the sensor as the time 

required for water vapour to reach equilibrium in the sensor [88].  

The output of humidity sensors that absorb water vapour depends on both percentage of relative 

humidity and temperature. The linear voltage output of Relative Humidity Integrated Circuit 

(RHIC) sensor is a function of % RH, VSUPPLY and temperature. As the voltage supply increases, 

Figure 29: Construction of Relative Humidity 

Integrated Circuit (RHIC) sensor [88]. 
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there is an equal proportional increase in the output voltage and follows two set of equations as 

stated below. 

% RH = (VOUT / VSUPPLY – 0.16)/ 0.0062  

True RH = (%RH) / (1.0546-0.00216 T) 

Where T is measured in ⁰C. Condensation can occur when the temperature of the surface of the 

active area of the sensor drops below the value of ambient dew point of the gas surrounding the 

sensor. Condensation can occur even when the surface temperature drops minutely below the 

ambient dew point. Small fluctuations in temperature can cause condensation when working 

with humidity level above 95 %. Although it takes little time for water to condense, evaporation 

of water is a relatively slow process during high humid conditions which corresponds to surface 

temperature of sensor being only slightly more than the ambient dew point. Hence, the recovery 

period of a sensor from wetting is longer compared to the normal response time of the sensor. 

During recovery, the sensor shows a constant output of 100 % RH irrespective of the ambient 

RH [88]. 

Humidity sensors are broadly categorized into capacitive and resistive type. Humidity sensors 

that rely on the principles of capacitive effect, are composed up of hygroscopic dielectric 

material which is present between a pair of electrodes. This forms a small capacitor. Majority 

of capacitive type humidity sensors use polymer or plastic as the dielectric material and the 

dielectric constant ranges from 2 – 5. When no humidity is present, the value of capacitance is 

determined by the geometry of the sensor and the dielectric constant of the hygroscopic 

dielectric material. At room temperature, water vapour has a dielectric constant of 

approximately 80 which is larger than the dielectric constant of the hygroscopic dielectric 

material. As a result, water is absorbed by the sensor due to concentration gradient and in turn 

increases the value of capacitance of the sensor. During equilibrium conditions, the amount of 

water vapour that is present in the hygroscopic material depends not only on the pressure of 

ambient water vapour but also on the ambient temperature. Relative humidity depends on water 

vapour pressure and ambient temperature. Hence, relative humidity, the amount of moisture in 

sensor and the sensor capacitance are dependent on each other and this relationship controls the 
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operation of the capacitive humidity sensor [86]. Figure 30 shows a general structure of a 

capacitive type humidity sensor. 

 

Substrate is made up of Alumina and the lower electrode is made from platinum, gold or some 

other material. A layer of polymer e.g. Polyvinyl-Alcohol (PVA) is deposited on the electrode 

which is capable of sensing the amount of humidity. A layer of gold is deposited on top of the 

polymer layer which operates as the top electrode. Additionally, the top electrode functions as 

a pathway for water vapour to pass through it and enter the sensing layer. The movement of 

water vapour through the hygroscopic sensing layer continues until equilibrium is reached 

between the amount of vapour in sensor and the vapour in gas or ambient air. Hence, a capacitive 

type sensor is a capacitor which has a thin film of humidity sensitive polymer as its dielectric 

material [86]. 

The second type of humidity sensors are based on the resistive effect. Resistive type humidity 

sensors sense the change in the value of resistance of the sensor element with respect to 

humidity. Figure 31 shows the general structure of a resistive type humidity sensor. 

 

 

 

Figure 30: General layout capacitive type humidity 

sensor [86]. 
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A thick film of a conductor material like ruthenium oxide and gold is printed and then calcinated 

in the form of a comb in order to form the electrode. A layer of polymeric electrode is applied 

and this film senses humidity due to the presence of mobile ions. Change in the number of 

mobile ions causes a change in the impedance [86]. 

 

4.2 Soldering wires and connecting wires to mother board Arduino Uno 

In order to prevent unfair humidity readings due to lose contacts, the wires were soldered 

together using Weller WD1 soldering iron system as shown in Figure 32 (a) whereas (b) shows 

the specifications of soldering wire used. 

 

Figure 32 (a) Weller WD1 soldering iron system b) tin/lead soldering wire. 

Figure 31 General layout of resistive type 

humidity sensor [86]. 
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The soldering iron was heated to 275 ⁰C. 60/40 tin/lead alloy soldering wire was used to melted 

to form firm soldered connections between the wires and the connecting header male pins which 

were then connected to the Arduino Uno as shown in Figure 33. 

 

 

Figure 33: a) Soldered wires connected to Arduino Uno board into respective ports b) general 

layout of Arduino Uno board [89]. 

The male header pins soldered to wires were connected to the Arduino Uno in the following 

way: 

Analog HIH -A0 

DHT 1 signal pin- pin 6 

DHT 2 signal pin -pin 7 

Ground wire connected to GND pin 

5 V - VIN 

 

4.3 Software code 

The DHT Lib and following example code was copied from Circuit Basics [90] to install the 

software code to initiate the sensing process of DHT1, DHT2 and Honeywell HIH-4040 via 

Arduino. The example code was modified to meet our requirements and to recalibrate DHT1 

(a) (b) 
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and DHT 2 as they were showing false readings due to wrong calibrations using the coefficients 

of equation achieved in Figure 27. Moreover, help was taken from YouTube tutorial video [91] 

to follow the procedure to correctly set up DHT11s and include Honeywell HIH-4040 on 

Arduino so all humidity readings are displayed on the PC monitor.  

#include <dht.h> 

dht DHT1; 

dht DHT2; 

#define ANALOG_PIN A0 

#define DHT1_PIN 6 

#define DHT2_PIN 7 

//float ANALOGSTEP = 3. / 1024; // MAXOUTPUT VOLTAGE = 5V * 0.7952 = 3.976V 

int chk1 = 0; 

int chk2 = 0; 

int analogSens = 0; 

void setup(){ 

  Serial.begin(9600); 

} 

void loop() 

{ 

  chk1 = DHT1.read11(DHT1_PIN); 

  Serial.print("T1 = "); 

  Serial.print(DHT1.temperature);  

  Serial.print("; H1 = ");  

  Serial.print((DHT1.humidity)*10/6 - 13);  

  chk2 = DHT2.read11(DHT2_PIN); 

  Serial.print(" | T2 = "); 

  Serial.print(DHT2.temperature - 3);  

  Serial.print("; H2 = ");  

  Serial.print((DHT2.humidity)*19/10 - 39);  

  analogSens = (analogRead(ANALOG_PIN)/1024.0) * 5 * 30.28073 - 32.5705; 

  Serial.print(" | AH = "); 

  Serial.println(analogSens); 
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  delay(3000); 

} 

 

4.4 Setting variable environmental conditions 

One important parameter of this entire experiment was to establish a controlled humidity control 

system capable of varying the value of relative humidity. In order to ensure controlled conditions 

around the sample, a gas cell was utilized shown in Figure 34. This enabled the use of AFM 

methodology. 

 

Silicon rubber seal holds the gas cell together and acts as a sealant to create controlled 

atmospheric conditions inside the gas cell. Due to a need of optical transparency and low thermal 

coefficient, the body of gas cell is composed up of transparent silica fused together. To carry 

out experiments in variable atmospheric conditions, a humidity control system was set up. Final 

setup and schematic diagram of the controlled humidity set up is shown in Figure 35 (a) and (b) 

respectively and is composed up of following components: 

1. Air source inlet 

2. Controller 1 (Air source controller)  

3. Bubbler 

4. Bypass valve 

5. Dry air  

6. Controller 2 (dry air controller) 

7. Humidity sensor (Honeywell HIH-4040) 

Figure 34: Gas cell image 
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8. Gas cell 

9. Outlet 

10. Arduino Uno motherboard 

11. Usb hub 

12. PC display 

 

 

Figure 35: (a) Final experimental setup (b)Schematic diagram of humidity control system. 

Water vapors are essential to increase the level of humidity. In order to create the desired level 

of humidity, the bypass valve and the outlet valve are kept open for few minutes. The valves are 

closed when the humidity sensors indicated the value of desired humidity level inside the 
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system. However, while taking actual measurements, the valves are kept close to ensure that 

atmospheric humidity has minimum influence on the tip of AFM’s probe.  

Here we need to remind that Vaisala was only used to calibrate our humidity sensor, Analog 

Honeywell HIH-4040, which was used to measure the value of humidity throughout the electric 

potential measurements. Linear voltage output produced by Honeywell was measured by multi-

meter available in laboratory. It operates on supply voltage of 4.5 V [92] which was taken from 

batteries. The electrical schematic diagram of HIH sensor as shown in Honeywell-4000-02 

datasheet is given in Figure 36. 

 

 

According to datasheet, Honeywell HIH-4000-02 [92] has following specifications: a relative 

fast response of five seconds, a small hysteresis and an overall accuracy of 3.5%. The 

recommended operating temperature range is specified to be between -40 and 85 ⁰C which 

includes the range needed to carry out the experiment. The humidity control system was able to 

provide controlled humidity level inside the gas cell within a range of 0 and 100% ± 3%. 

In order to achieve different values of humidity, the pressure inside the system was kept constant 

by keeping angle of openness of controller 1 (air source) at a fixed position and the degree of 

openness of dry source was changed to vary the number of bubbles produced in water bubbler 

hence to change the humidity level inside the system. Lower degree of openness of dry valve 

correlates with lower humidity. The amount of bubbles varies, but the overall pressure stayed 

constant throughout the closed system and in the measurement chamber of the AFM. For each 

Figure 36: General application circuit of Analogue Honeywell HIH-

4000-02 [92]. 



65 

 

change in the openness of the dry valve, both the highest value of humidity and the final value 

of relative humidity after 20 minutes were tabulated. These values were used to form graph to 

find the relationship between the openness of the dry valve and the humidity to create a 

controlled humidity system. The graph obtained is shown in Figure 37.  

Y-axis contains the value of relative humidity in % and x-axis have the openness of the dry 

valve in degrees. The blue data points refer to the value of relative humidity achieved after 20 

minutes and orange data points depict the highest value of relative humidity achieved for each 

angle of the dry valve. The readings were started by completely opening the dry valve at 410⁰ 

and the value of relative humidity was smallest as all air from the air source was passing through 

the dry source pathway instead of the bubbler filled with fixed volume of water. This is because 

the dry air pathway provided the least resistance to air flow because it was open. As the dry 

valve was closed, more air passed through the bubbler and absorbed moisture from the water 

Figure 37: Graph of Relative humidity with respect to the openness of dry valve to establish 

controlled humidity (lower degree of openness of dry valve correlates with lower humidity). 
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inside. This explains an increase in humidity with a decrease in the angle of openness of the dry 

valve. Finally, 100% humidity was achieved when the dry valve was at 255⁰. 

 

5 Measurements 

A specific area of 4μm by 4μm was chosen on the sample shown in Figure 38 to carry out all 

measurements. 

 

Figure 38: Chosen area of the sample a) 2D cross- section and b) 3D image of the same area. 

Extreme care was taken during experiments to ensure that each reading was conducted for the 

same site to ensure fair comparison between the electric potential values achieved for each 

humidity condition. 

Not only the end of the tip of the probe and the sample influence the relative electrical potential, 

but the cantilever and the pyramid also effect. The closer the tip is to the sample, better the 

resolution however this effects the electrical potential. Hence, the height of the probe and the 

area to be tested were kept same throughout the experiment to ensure fair results. The electric 

potential was studied first by increasing the value of relative humidity from dry to wet conditions 

for 0%, 25%, 50%, 70% and 100% humidity. The sample was then studied for reverse conditions 



67 

 

i.e. from wet to dry. This was done to ensure the repeatability of the experiment. For each 

measurement, scan size of 4 μm was considered. Scan ratio was 0.249 Hz and tip velocity was 

kept at 1.99 μm/s. The following steps were carried out to investigate the effect of relative 

humidity on the sample. 

a. Make a scan upwards for 4 μm area; here we need to specify that scanning in AFM is 

done line by line, therefore lines of the image are added in the bottom part of the picture 

and the picture “builds up” with each line of pixels upwards. Scanning upwards may 

show different results compared to scanning downwards because of sample’s drift. We 

needed to be sure that all scans were done equally at the same geometrical location on 

the sample 

b. Make a scan in downwards for the same area to ensure each reading is taking place for 

the chosen area; 

c. Lift the probe above the sample by 6 μm with the help of z-piezoelectric feature and 

establish the desired humidity by carefully closing the inlet and outlet of the gas cell 

once the desired humidity level is achieved (Note: take the bubbler tube out or open an 

outlet to prevent the buildup of pressure in the setup); 

d. Land the probe and scan the sample but discard the image if it is blur due to presence of 

dirt or other particles and repeat this step again; 

e. Repeat step c and d for all value of relative humidity from 0% to 100% and then back to 

0%. 

First the humidity conditions were changed in a controlled manner from dry to wet. The 

following observations were made for each humidity value over the same 4μm by 4μm area: 

1. Dry condition: 

The dry valve was turned to achieve 410⁰ to establish dry conditions. Dry air was flushed 

through the sample for 30 minutes and the reading on pc display was constant at 4% which was 

considered as completely dry (Figure 39 a). 
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25% Relative Humidity: 

To obtain 25%, i.e. the room humidity, the dry valve was carefully turned to be 370⁰. A 

maximum of 20% was reached after 6 minutes and the system was closed. Throughout the 

experiment, the RH value remained stable at 20% (Figure 39 b). 

 

 

Figure 39: Map of electric potential map (mV) for dry to wet conditions at (a) initial dry 

conditions, (b) 25 % RH, (c) 50 % RH, (d) and 70 % RH. 
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2. 50% Relative Humidity: 

The angle of dry valve was changed to 330⁰ in order to achieve 50% humidity. A maximum of 

46% was reached after 13 minutes which dropped to 43% during the experiment (Figure 39 c). 

 

3. 70% Relative Humidity: 

For 70% relative humidity, dry valve’s angle was turned to 295%. After waiting for 7 minutes, 

maximum value of 74% RH was reached which dropped down to 60% during the scan (Figure 

39 d). 

 

4. 100% Relative Humidity: 

 

 

The dry valve was turned to read 240⁰ to achieve 100%.  

Figure 40: Electric potential map at 

established 100 % RH. 
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Abnormalities occurred when the humidity was increased to 100% as clusters of light spots 

covered the sample as shown in Figure 41 (a). These light spots are assumed to be water particles 

due to high humidity value so the system was closed at 94% humidity after waiting for 12 

minutes. Condensation of water molecules due to temperature difference may be a possible 

explanation for this unexpected feature.  

 

Figure 41: (a)Occurrence of light spots over the sample at 94 % humidity, (b) Water layer 

disappeared after humidity level was decreased from 94% to 82%. 

Another explanation could be the swellings on the surface of sample due to not enough time 

given for the condition to establish and get stable which was a limitation throughout the 

experiments because of the fluctuations in the main air source from the university. However, 

they disappeared when the humidity level was decreased to 82% as shown in Figure 41 (b).  

The value of humidity was then decreased from 100% to 0% and the following observations 

were made at measurement. 

1. 100% Relative Humidity 

The same value was kept as achieved when going from dry to wet conditions as the experiment 

was continuous. 

2. 70% Relative Humidity 
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The angle of dry valve was decreased to 70% and a maximum of 65% RH was achieved after 

15 minutes. The value of RH stayed constant at (66 ± 2) % during the experiment (Figure 42 a).  

 

3. 50% Relative Humidity 

In order to achieve 50%, the angle of openness of dry valve was decreased to 330⁰. The value 

of Relative Humidity stabilized at 50% after 11 minutes and stayed constant at (50 ± 1) % 

throughout the scan. A darker electric potential was achieved compared to the scan for 70% RH 

which means a decrease in the value of electric potential (Figure 42 b). 

Figure 42: Map of electric potential (mV) for wet to dry conditions at (a) 70 % RH, (b) 50 %, 

(c) 25 % and (d) dry conditions. 
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4. 25% Relative Humidity 

After decreasing the angle to 370⁰, the RH value stabilized at 22% after 11 minutes and 

connections to gas cell were closed to conduct the scan. The value of RH stayed constant at (25 

±2) % throughout the measurement (Figure 42 c). 

Care was taken while decreasing the angle in order to ensure constant bubbling so the sample 

stays wet. Otherwise, if the bubbling stops, the humidity level changes and the sample is 

repeatedly charged and discharged and these fluctuations can cause unwanted noise in the 

electrical potential and may also negatively affect the repeatability of the results.  

In order to ensure the continuation of bubbling, the angle was slightly decreased so the sample 

stays wet, and when equilibrium was reached within the sample, the angle of dry valve was 

changed back to 370⁰ after 3 minutes.  

5. Dry conditions 

After decreasing the angle of openness of dry valve to 410⁰, the RH value stabilized at 5% after 

waiting for 20 minutes, which is 1% higher than the value of dry air achieved at the beginning 

of the experiment. During the experiment, the value of RH increased from 5% to 10% and then 

stayed constant at (8 ± 2) % (Figure 42 d). 

This anomaly may be because of less time given for the sample to dry or a faster scan was 

needed as soon as the humidity value reached 5% instead of waiting for 20 more minutes. 
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6 Analysis of Results 

Values of electric potential for each humidity value were selected from a specific rectangular 

section (blue region) as shown in the in Figure 43. 

 

A rectangular block was chosen instead of a line to minimize the error margin due to any 

background noise by averaging the errors for each point within the rectangular section. 

The electric potential values obtained for all humidity values were used to construct a graph as 

shown in Figure 44. All trend lines were made in the same graph for better comparison. 

 

 

Figure 43: Specific rectangular area 

selected to obtain electric potential 

values. 
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Figure 44: Comparison of electric potential for all established humidity conditions. 

According to the graph obtained, variation in electric potential was observed when a change in 

humidity value was obtained. This was the goal of this experiment. Electric potential values 

were observed to increase when the value of humidity was increased from dry conditions to wet 

conditions. The reverse was true when decreasing humidity value from wet to dry which also 

proved the repeatability of the experiment.  

However, in order to predict the relationship between peak electric potential and percentage of 

humidity, graph was constructed as shown in Figure 45. The graph shows the peaks of all 

humidity values tested during the experiment, however graph trends are overlapping and it is 

difficult to see all peaks so few electric potential values are selected to construct Figure 46 to 

achieve a better comparison. 

It is observed from the graph that the peak value of electric potential shifts when the value of 

relative humidity is changed.  
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Figure 45: Comparison of peak electric potential at various RH values. 

 

Figure 46: Graph of Charge Distribution vs Electric Potential of selected RH values for clear 

comparison. 

As seen from Figure 45 and Figure 46 when the humidity is increased, the peak shifts towards 

the right which means the electric potential is increasing and when the value of humidity is 
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decreased the peak shifts towards the left which signifies a decrease in the value of electric 

potential.  

The graphs show more repeatability at higher humidity values which is evident from the 

increased overlap in graphs for wet to dry and dry to wet conditions. However, the overlap 

between curves of lower humidity value is less which indicates lower repeatability. This can be 

explained by the fact that less time was given to samples to dry and get stable at the desired 

lower humidity when moving from wet to dry conditions. Hence, there was still some moisture 

in the sample from previous higher humidity value which was effecting the electric potential 

achieved at lower humidity.  

Another feature visible in the graph above is a spike at 100% humidity which may be because 

of the saturation of water molecules and the formation of a thin water layer over the surface as 

explained Chapter 5. 

Figure 45 was used to determine the most frequently occurring electric potential achieved for 

each humidity which was utilized to construct the bar chart in Figure 47. 

The bar chart shows the mode value of electric potential for each value of humidity where x-

axis shows the percentage of RH and y-axis represents the electric potential (mV). Highest value 
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was achieved for 100% RH at -4.52 mV and lowest mode electric potential achieved for dry 

conditions at -506 mV. A difference of 502.52 mV electric potential is achieved during the 

experiment. 

The hypothesis tested in this Master’s Thesis that electric potential across the sample changes 

with a change in the value of humidity around the sample is successfully proved. Moreover, it 

is observed that electric potential and relative humidity values have a direct relation with each 

other i.e. when one increases the other increases and vice versa. 

There were certain limitations during the experiment. The actual potential of the probe was 

unknown in relation to the sample. This can be checked by performing a scan of a metal test 

sample for the same conditions. Moreover, less time was given for the sample to reach stability 

as the main air supply was fluctuating. Also, less time was given to sample while going from 

wet to dry conditions, so that the sample does not get dry. Due to this, when the closed conditions 

were established, the stabilized value was more than what was required. The RH value of dry 

air source from University was measured to be 4% and it was assumed that 4 % is 0 %. However, 

it is possible that the air was not completely dry but had a constant humidity value of 4 %. The 

above-mentioned obstacles will be reflected and corrected until the end of the HUNTER project. 

Summary 

In the course of this Master’s work, advances of KPFM technique were learnt and utilized to 

plan the experiment to examine proof of the concept “hypothesis of humidity-to-electricity 

conversion”. AFM software and hardware for Bruker Multimode 8 station were learnt for 

conducting experiments and to establish experimental parameters. Furthermore, an 

experimental setup was designed to perform the KPFM studies in controlled humidity 

environment. This station was assembled by combining a humidity changing system with a 

humidity sensing system to both monitor the humidity and organize feedback for steady 

experimentation. Great care was taken to minimize the interference of atmospheric humidity so 

the readings were not spoiled by external parameters but reflected the desired experimental 

conditions set by ourselves. This was a laborious and time consuming task that was solved with 

the help of improvising available means. 
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Five various sensors were used to measure relative humidity and temperature accurately; 

however, it was discovered after variability of their readings that these sensors were incorrectly 

calibrated and partly flawed. The reference sensor (Vaisala) was established using extreme 

humidity conditions, i.e. absolutely dry and absolutely humid air. The remaining four sensors 

were calibrated with respect to Vaisala within their operation ranges. This was done according 

to the procedure described in detail in section 4.1 of this thesis. However, it was observed that 

analogous HIH-4040 was the most adequate sensor for our study due to its short response time, 

ability to work within a wider range of humidity and temperature, and small size suitable for 

mobile setup. Therefore, only HIH-4040 was used to measure the value of relative humidity 

throughout our experiments. As a technical result, a custom-built inexpensive humidity control 

system was combined in laboratory of Solid-state Physics of Lappeenranta University of 

Technology (LUT) with the help of my supervisor.  

This measuring system helped us to perform a repeatable examination of the underlying 

hypothesis in the H2020 “HUNTER” project, suggesting humidity-to-electricity conversion. 

During the experimental work of this Master’s thesis, ZrO2 samples were thoroughly 

investigated using AFM microscopy and KPFM in particular. The surface topography of the 

samples, phenomenon of accumulation of electric charge and its influence towards the surface 

characteristics were studied. As was mentioned earlier, the effect of level of relative humidity 

on the surface electric potential was studied to reach a conclusion regarding the relationship 

between percentage of relative humidity of gas environment and the build-up of charge on the 

surface of a sample placed in it. 

It is possible to summarize that the experiment with PMMA-ZrO2 (Poly methyl methacrylate 

zirconium) nanocomposite was successful in proving the hypothesis that electric potential of a 

sample can vary with change in humidity value. The results of this thesis correspond well with 

the opinion of other researchers such as F. Galembeck, A. Doroshkevich and A. Lyubchyk, 

whose works were an inspiration for this thesis. An electric potential difference of ~500 mV 

between the grounded SPM probe and the sample was observed while changing value of 

relative humidity of ambient gas environment from 0 % to 100 % inside the closed gas 

sample. This level of voltage output seems promising for sub-volt device applications and 
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proves that zirconia nanoparticles are a suitable candidate for anticipated humidity-to-

electricity power device utilizing hygroelectricity principle.  

It is possible to note few uninvestigated issues and drawbacks of our measuring approach. It is 

vital to recognize the possibility of influence of electrical potential due to surface of the SPM 

probe itself, which may alter the change in electrical potential between the probe and the surface 

of the sample. The following improvements can be installed in our system coupling the SPM 

with self-made humidity control setup to further advance SPM measurements in the future. 

Primarily, fabrication of small samples with size dimensions less than 8 x 8 x 5 mm (length x 

width x height) is important so the sample can fit inside the gas cell of the Multimode 8 SPM to 

avoid gas leakages. Moreover, it is necessary to allow electrical contact with two electrodes via 

isolated metallic microwires to connect grounding and be able to apply bias to the second 

electrode. Latter is necessary to study the influence of voltage applied between two 

neighbouring aluminium electrode pads grown by lithography below the PMMA/ ZrO2 layer. 

Thirdly, a closed chamber can be built around the microscope to decrease leakages occurring 

due to high gradient of humidity between imperfectly sealed gas cell and laboratory room air 

having an average relative humidity of 25 %. It is important to note that we assumed that no 

loss of electric charge is occurring in the system, which can leave a room to unjustified 

assumptions of breakage of charge balance. We considered that the charges with opposite 

electric sign were not lost, but were collected by the grounding, electrodes and partially by the 

cell walls working as reference electrode as per the principle of Faraday’s cage. Furthermore, 

other types of materials and particle sizes need to be tested apart from ZrO2 nanoparticles 

because Al2O3, which was tested by our colleges in laboratory of DIPE (Ukraine) has previously 

shown similar effect of electrification from bulk pressurized pellets of alumina nanopowder. 

Finally, more attention needs to be paid to application of QNM™ mode of multimode 8 SPM 

in the study of relationship between humidity and electric potential. Since QNM mode can 

visualize the map of nano-local adhesion (while adhesion is one of the outcomes of van der 

Waals force, i.e. electromagnetic interaction), then accumulated electric charge can influence 

local electrification and adhesion of the surface. This can simplify the SPM experimental 

concept and thereby needs further attention.  
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