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1. INTRODUCTION 

 

Nanowires (NWs) can be defined as 1D crystalline structures with characteristic 

diameter ranging from 1 nm to 100 nm and unconstrained length. NWs are known to have 

unique mechanical [1], optical [2] and electrical [3] properties in comparison to the bulk 

material and have number of promising applications in mechanics [4] electronics [5] and 

piezotronics [6]. Specifically, since zinc oxide (ZnO) NWs possess piezoelectric and 

piezoresistive properties [7-11] it is a promising material for energy harvesting 

microelectromechanical (MEMS) and nanoelectromechanical (NEMS) systems. Considering 

that fabrication of NW-based electromechanical devices requires precise control over 

positioning and subsequent behaviour of the NWs, as well as the fact that friction and 

adhesion can cause failures of NEMS, it is evident, that deeper understanding of NW-surface 

interaction mechanisms is essential from applicative point of view. 

One of the simplest possible physical systems for studies of the mechanical properties 

consists of a NW upon a flat surface and external manipulator. Various physical phenomena 

can be investigated in such a system, including elasticity of NW, adhesion and friction 

between NW and substrate, electrostatic forces [12] and conductivity [13]. However, the state 

of the art in NW manipulation still exhibits many unknowns in the interpretation of the 

experimental data. Large scattering of experimental data, lack of theoretical explanations, 

incomplete models, in some cases unpredictable behaviour of the system are common. NWs 

inherit some degree of randomly distributed macroscopic properties such as surface defects, 

contaminations and impurities that promote indefiniteness of the physical system and 

complicate the interpretation. 

Elastically deformed NWs are appealing objects to investigate NW’s elastic properties 

and coupling with other related phenomena such as piezoresistivity, piezoelectricity and 

friction. 

The aim of this thesis is to investigate the mechanical and tribological properties of 

ZnO experimentally and theoretically. Nanomanipulation techniques are applied for Young 

modulus measurements and results are used for calculating the friction properties of NWs. 

Within the framework of the thesis, manipulation experiments are performed and for 

interpreting the results a script was developed, employing the elastic beam theory (EBT). 

The thesis contains three main parts. In the “background” section general information 

on nanowires is given. Moreover, methods available in literature on measuring tribological 
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and mechanical properties of nanowires are reviewed. “Materials and methods” section 

contains experimental details and description of theoretical models employed for 

tribomechanical measurements.  In “Results and discussion” section results of manipulation 

experiments and theoretical analysis are presented and discussed. 
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2. AIM OF THE STUDY 

The main goal of the study is to propose new more accurate methods for 

characterising the tribological and mechanical properties of NWs and demonstrate 

experimentally on ZnO NWs on a flat Si surface. A number of objectives were identified in 

order to achieve this goal. The primary list of objectives included:  

 Conduction of NW bending experiments where ZnO NWs are half-suspended over 

trenches in Si wafer and measuring their mechanical response; 

 Application of EBT based analytical model for Young modulus measurement in the 

bending experiments; 

 Conduction of manipulation measurements on ZnO NWs on flat Si substrate and 

observation of NWs mechanical response; 

 Application of EBT based analytical model for measurement of distributed kinetic 

friction force between NW and the substrate;  

 Elaboration and application of EBT based analytical model for NWs self-balanced by 

distributed static friction; 

 Comparing originally developed model for static friction distribution analysis to 

previously known models.  
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3. BACKGROUND 

 

3.1 Nanowires 
 

3.1.1 General information 
 

NWs are now among most important objects in modern science and have number of 

promising applications in nanotechnology including high-density data storage, electronic and 

optoelectronic nanodevices, metallic interconnects, nanoelectromechanical systems (NEMS) 

and others [14]. NWs are ultrafine wires having typical diameter in the range of 1-100 nm and 

high aspect ratio.  

Properties of NWs may be superior in comparison to corresponding bulk material. [15] 

NWs have increased surface area, enhanced exciton binding energy, diameter-dependent band 

gap, increased surface scattering for electrons and phonons, and other peculiarities [16]. NWs 

can be made from a wide range of materials, and can be conductive, semiconducting or 

dielectric. Semiconductor NWs, such as e.g. those made of Si, ZnO, GaN or InP, generate 

most interest, as they have demonstrated especially remarkable optical, electronic and 

magnetic characteristics (for example, Si NWs can guide light around very tight corners [17]).  

Important advantage of NWs from an applicative point of view is that in contrast to their bulk 

counterparts, some of the materials parameters, like e.g. thermal conductivity, which are 

critical for certain applications, can be independently controlled. NWs made of the same 

material may possess dissimilar properties due to differences in their crystal phase, crystalline 

size, surface conditions, and aspect ratios, which depend on the synthesis methods and 

conditions used in their preparation [16]. 

NWs exhibit extremely high elasticity that allows large degrees of mechanical 

deformation (up to 6 per cent in tensile strain according to theoretical calculation for very 

small wire [18]) without cracking or fracture, while thin film can easily generate cracks after 

applying even smaller strain. Second, the small size of the NWs largely increases the 

toughness and robustness of the structure so that it is almost fatigue free. Third, a relatively 

small force is required to induce the mechanical agitation, so that it can be very beneficial for 

building ultrasensitive devices.  
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3.1.2 Synthesis 
 

The growth of nanowires from an isotropic medium is relatively simple and 

straightforward. Uniform nanowires can be easily grown from an anisotropic solid with 

lengths up to hundreds of micrometres, no matter whether the synthesis is carried out in a 

vapour or solution phase. For many solids that are characterized by isotropic crystal 

structures, symmetry breaking is required in the nucleation step to induce anisotropic growth. 

To this end, a large number of approaches have been explored to lower the symmetry of a 

seed to produce nanostructures with one dimensional morphologies.  

In this part some methods of nanowire synthesis are introduced and a general overview is 

given. [19] 

 

Direct vapour-phase methods 

 

Although the exact mechanism behind the 1D growth in the vapour phase is still 

unclear, this method has been explored thoroughly to synthesize whiskers and nanowires from 

different materials. Most of the synthesis products are oxides due to the fact that oxidation is 

inevitable because of O2 in the reaction chamber. 

Advantages of vapour-phase methods are its simplicity and ease of construction and 

operation. A simple overview of the process is as follows: the vapour phase is generated by 

evaporation other kinds of vapour reactions, then is transported and condensed onto the 

substrate placed in a lower temperature zone, where the growth starts due to supersaturation 

of the gaseous precursor. For example, Zhu et al has fabricated Si3N4, SiC, Ga2O3, and ZnO 

nanowires by heating commercial powders of these materials. [19, 20] 

 

Indirect vapour-phase methods 

 

Most vapour-phase methods look experimentally simple but due to the use of 

relatively high temperature their detailed mechanism might involve different formations of 

intermediates or precursors. For most of cases decomposition and many side reactions must 

also be taken into consideration. As an example, Lieber et. al synthesized MgO nanowires 

with a carbonthermal reduction,[21] where Mg vapour was created in situ from the reduction 

of MgO by carbon, which was carried in a flow reactor to the growth area and oxidized to 

gain MgO. Hydrogen gas and water instead of carbon could be used as the reducing agent, 
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and this method could also be extended to other binary oxides such as A1203, ZnO, and SnO2. 

In all of these syntheses, the formation of metal oxide through a two-step process might help 

to keep the supersaturation of the system at relatively low levels. [19] 

 

Vapour-liquid-solid method 

 

The vapour-liquid-solid (VLS) process is seen to be the most successful for forming 

and growing nanowires with single-crystalline structures and in larger quantities than other 

methods.  

A VLS process begins with the dissolution of vapour reactants into small liquid 

droplets, which acts as a catalyst metal. It is followed by the nucleation and growth of single-

crystalline wires or rods. The growth is initiated and controlled by the liquid droplets which 

sizes remain constant during the entire synthesis of a wire. Both physical and chemical 

methods can be employed to generate the gaseous reactants needed for nanowire growth. 

Even no significant derivation has been found in the quality of nanowires synthesized by the 

different processes. The VLS method has now become a widely used method for generating 

one dimensional nanostructures from a rich variety of inorganic materials that include 

semiconductors like Si, Ge and B and oxides like ZnO, MgO and SiO2. [19] 

 

Template-directed synthesis 

 

In this process the template acts as a scaffold where different materials can be 

deposited in situ and as a result the shape of obtained nanostructures is dictated by the 

morphology of the template. Two main groups of template assisted growth can occur. In the 

case where the template is involved only physically, than the necessity arises to selectively 

dissolve the template using chemical treatment and as a result the resultant nanostructures are 

obtained. In a case, where the template is chemically consumed as the reaction proceeds, it is 

possible to directly obtain the nanostructures as a pure product without any post-treatment. 

Template-directed synthesis provides a simple procedure which allows the complex topology 

of a template to be duplicated. As a drawback, nanostructures synthesizes using template-

directed methods are often polycrystalline and the quantity of structures that can be produced 

in each run of synthesis is relatively limited. [19]  
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3.1.3 Applications 
 

Plenty of prototype devices based on NWs were already demonstrated during last few 

decades including resonance-tunnelling diodes, light emitting diodes, photodetectors, 

electromechanical devices, piezoresistors, sensors etc. [22-28]. Below in this section some of 

those will be briefly described. 

 

Field-effect transistor 

 

Silicon NWs have been studied extensively due to the dominance of Si devices in the 

industry of semiconductors and due to the already developed techniques for growing silicon 

NWs with doping level and controlled size. In an typical device, the silicon NWs are 

dispersed into liquid after growth via sonication, then distributed on a doped Si substrate with 

a oxide layer.  

Metal contacts are commonly used in a NW device, contrary to MOSFETs in which the 

source/drain contacts are formed by degenerated doped Si. In a way a NW field-effect 

transistor device can be viewed as a Schottky barrier device [29- 32].  

 

Single-electron devices 

 

Zhong et al used the Schottky barriers at the metal/Si contacts as tunnel barriers [32]. 

The nanowire device can acts as a single-electron transistor at low temperatures, when the 

charging energy is bigger than the thermal energy [33]. InP NW devices were shown to act 

like single electron transistors [34]. But the tunnel barriers formed by random defect 

potentials along the NW, resulting in little control over the device parameters [29,34].  

 

Heterostructure nanowire devices 

 

To obtain high-performance transistors and to measure intrinsic properties of NWs, 

transparent Ohmic contacts are often demanded. Those contacts can be achieved if 

heterostructure NWs are band-structure engineered. The Fermi level inside the Si band gap in 

Ge/Si core/shell NW heterostructures [35], may situate under the Ge valence band and it 

results in Ohmic contacts. [29] 
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Waveguides 

 

Plasmonic waveguides made of metal NWs possess significant potential for 

applications in integrated photonic and electronic devices, where they could help in 

overcoming fundamental limitations for data transfer rates and bandwidth set in conventional 

electrical technology [36,37, 38]. When working as a waveguide for plasmon propagation, 

they have the ability to localize the electromagnetic energy in nanoscale regions which are 

smaller than the wavelengths of light in the material. [39, 40] The efficiency shown in light 

manipulation has led to a range of applications, which includes plasmonic routers and 

multiplexers [41], Bragg mirrors [42], interferometers [43], and electro-optic devices [44, 38]. 

 

Nanoelectromechanical switches 

 

Nanoelectromechanical switches work by using electrostatic forces to mechanically 

deflect a cantilevered element into physical contact with an opposing electrode. Electrostatic 

forces depend inversely on the square of the gap, making them more effective when devices 

get smaller. The first nanoelectromechanical-based switches are most likely used where 

scalability and speed are less critical, but where low power consumption is of key importance. 

nanoelectromechanical–static-random-access-memory architectures and other hybrid systems 

have potential to rival conventional CMOS devices in terms of switching speeds while 

offering reduced power consumption [45]. To build effective and operational switches on the 

basis of NWs, the fundamental mechanical properties must be known, which yields that 

mechanical characterization of such nanoswitches is of great importance. [46] 

 

3.2 Experimental techniques employed for mechanical 

characterization 
 

Many different techniques have been developed for measuring mechanical properties 

of nanowires. Atomic force microscopes (AFM) or scanning tunnelling microscope based 

experimental methods have been strong assets for investigation and characterization of 

mechanical properties of nanowires due to their high force resolution. Salvetat et al [47] 

performed experiments with an AFM tip. He deflected carbon nanotubes, lying across a hole, 

and measured their mechanical properties. Comparable methods were used by other 

workgroups to characterize gold nanowires [48] and polymeric nanowires [49]. Wong et al. 
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[50] clamped one end of a nanotube and deformed at the other end with AFM tip and 

calculated the mechanical properties of the nanotube from the displacement.  

AFM-based techniques share the high-order resolution which allows the testing of 

individual nanostructures, but it lacks in situ ability. In situ experimental techniques provide 

direct real-time observation of the dynamic events as they are progressing and they provide 

qualitative information about the mechanism of motion and deformation. Yu et al [51] 

conducted tensile tests on multi-walled carbon nanotubes, which were attached to two AFM 

tips inside a scanning electron microscope (SEM). In situ experimental techniques ensure the 

efficiency and accuracy of the experimental data, which is most critical in the nanoscale. A 

popular mechanical testing method is nanoindentation, which has been applied to measure the 

hardness and elastic modulus of GaN and ZnO nanowires [52]. But the method has some 

drawbacks as well. The method is affected by the “substrate effect,” which comes into play, 

when nanowires are tested on some substrate. The analysis of dynamic response of a nanowire 

in an altering current field inside TEM is used, where an oscillating electrostatic field is 

applied and the nanowire starts to vibrate, when the frequency is equal to the resonant 

frequency of NW. This technique does not need the wire to be mechanically manipulated, but 

it does not provide information about mechanical properties of nanowires like fracture strain 

and toughness and can only be applied in elastic region of nanowire deformation [53, 54]. But 

the most important indicator, which describes NWs mechanical behaviour, is the Young 

modulus. 

 

3.2.1 Methods developed for Young modulus measurements 
 

Resonant method 

 

The cylindrical substrate with NWs is mounted directly onto the specimen stage inside 

a scanning electron microscope (SEM). A homemade nanomanipulator with a sharp tungsten 

tip [55, 56] was used to approach an individual NW. A frequency-tuneable altering voltage 

with or without direct current bias was applied across the NW and the countering tip (Fig. 1.). 

The resonance was directly monitored on the screen of the SEM. Forced resonance occurred 

at driving frequency     , while parametric instability occurs at         (n is integer 

larger than 1) [57]. The extremely small dimensions of nanostructures made it very sensitive 

to parametric excitation [58-60]. For a NW with random orientation relative to the applied 

electric field, either parametric resonance or forced resonance may be excited. 
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Failing to properly distinguish between these two types of resonances would lead to 

incorrectly determined natural frequency, which may be 2/n (n=1, 2, 3, 4) times the true 

natural frequency, and results in very large deviation of the modulus, since the Young’s 

modulus is proportional to the square of the frequency. 

 

Figure 1. NWs resonance in different electric parameters. 

 

Figure 2. Size dependence of Young modulus. 

 

Size dependence of Young’s modulus in [0001] oriented ZnO NWs was 

experimentally revealed (Fig. 2). The Young modulus of ZnO NWs with diameters smaller 

than about 120 nm increased dramatically with decreasing diameters, and was significantly 

higher than that of the larger ones whose modulus was that of bulk ZnO. As a result, they 
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showed the Young modulus dependence on the radii of NWs, which was in range of 20-

550nm, with corresponding Young modulus in range of 135-220 GPa. [61] 

 

Tensile tests 

 

For tensile tests, an AFM chip with two silicon cantilevers on one side was mounted 

on a sample holder. The ZnO NW was clamped between the nanomanipulator tip and the 

AFM cantilever, the NW was continuously pushed further than the critical force of buckling. 

The force and compression data were directly obtained from the images. SEM images were 

used to obtain the AFM cantilever deflection and due to the fact, that the spring constant of 

the cantilever is known the load on NW is calculated. During the tensile test, a series of SEM 

images were taken to measure both force and elongation of the NWs. It can be seen 

(Figure 3.) that the ends of NW are pinned onto the nanomanipulator tip and AFM cantilever.  

 

 

Figure 3. Tensile test of ZnO NW. 

 

Seven ZnO NWs were measured with tensile tests, with diameters ranging from 20-80 

nm. The measured Young modulus was in range of 140-170 GPa, where lower values were 

obtained for NW with smaller radii and it was concluded, that Young modulus depends 

strongly on the diameter of NW, so the size effect was observed experimentally. [62] 
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Pure bending method 

 

Manoharan et al [63] synthesized ZnO NWs by the vapour-liquid-solid (VLS) method 

using gold as a catalyst. The ZnO occurred as clusters and individual NWs were taken with a 

micromanipulator fitted with a tungsten probe tip. The NW was placed on the edge of a chip 

of silicon wafer (Figure 4.) perpendicular to the edge using the manipulator. 

 

 

Figure 4. ZnO NWs on Si chip edge. 

 

Cantilever-bending experiments were performed, to measure the Young modulus of 

the NWs. Bending loads were applied using an AFM cantilever with known spring constant. 

NWs were bent and corresponding SEM images are taken to evaluate the deflection of NW 

and AFM cantilever. The following equation is used to estimate the acting stress and strain:  

  
                  

   
,           (1) 

  
     

   
,               (2) 

where ktip is the stiffness of the AFM cantilever tip, ybase is the displacement of the AFM 

cantilever base, ynw is the displacement of the NW, d is the diameter of the NW, l is length of 

NW, and the stresses σ and strains ε are the maximum values that occur on the outermost 

diameter of the NW at the clamped end. Using the deflection values of the AFM cantilever 

base, NW tip and (Eq. 1.), the normal stress and strain on the NW can be calculated, and a 

stress-strain diagram is plotted. The slope of the stress-strain curve (linear fit) is Young’s 

modulus of the Nw. NW diameters ranged from 350–750 nm and no dependence of Young 

modulus on the diameter of the NW was observed. Young modulus was measured for 5 NWs 

and the results ranged from 35 GPa to 44 GPa. The explanation for the reduction in Young 

modulus compared to bulk lies in the strong electromechanical coupling in ZnO. Due to its 
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non-centro-symmetric wurtzite structure and ionic nature of the interatomic bond, internal 

electric fields are induced in ZnO, when the material is strained [64, 65]. 

 

3.2.2 Methods developed for static friction measurements 
 

Friction between a NW and a flat substrate has been studied by means of AFM 

[66, 67, 68]. It was shown that NWs possess enhanced flexibility compared to bulk [69]. At 

the same time NW-substrate adhesion and static friction can be high enough to preserve the 

NW in the bent state. The equilibrium between elastic and friction forces can be utilized to 

analyse the distributed friction from the known NW bending profile and NW elastic modulus. 

Such an approach was firstly described by Bordag et al. in [68] and further developed by other 

authors [66, 67, 70]. The different methods known from literature are discussed in the 

following section. 

 

Bordag’s method 

 

This technique [68] is based on the knowledge that for an ideal elastically deformed 

wire pinned by adhesion forces to a flat surface and in equilibrium between static friction 

forces and restoring elastic forces, the most tightly bent regions contain information about the 

maximal static friction force, that is, about the interfacial lateral force. Experimentally, the 

NWs are bent in a controlled manner using the tip of an AFM. After the manipulation, the 

most-bent state can be determined by visual inspection of AFM micrographs (Fig. 5). 

Assuming bulk values for the Young modulus, the shear stress can be obtained from a 

straightforward analysis according to the classical theory of elasticity. 

A bent wire stores an elastic energy U given by the known formula:  

  
  

 
∫       ,      (3) 

where E is the Young modulus, I the area moment of inertia and   the local radius of 

curvature. The integration is over the length of the wire. Assuming the NW to be in the most-

bent state, it forms a circle and the formula given above transforms into: 

   
  

 
.       (4) 
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Differentiating this expression with respect to the radius and reversing the sign yields the 

force acting on the whole circumference. Dividing this force by the circumference of the wire 

gives the force per unit length: 

3

2


EI
F st

n  .      (5) 

 

 

Figure 5. The NW after manipulation. The circles are drawn to determine the inner and outer curvature radii.  

 

Strus’ method 

 

Strus [67] described a technique based on high resolution AFM topographical images 

of carbon nanotubes, which were manipulated into different shapes on a surface to induce 

local strain. The strain energy distribution of lateral frictional forces acting on curved single-

wall carbon nanotubes (SWCNT) as a function of length is calculated. A series of AFM 

manipulation experiments were presented to demonstrate the capabilities of the strain energy 

lateral force algorithms developed by Strus [67] to map out the stored flexural strain energy 

and static friction forces. The carbon nanotube (CNT) profiles were retrieved from AFM 

images using DataThief, a programme for image analysis. 

Strus [67] calculated the lateral friction force from the equilibrium balance of force and 

moment, which yielded in the following equation for static friction force: 

2

2

dl

d
EIF st

n


 .      (6) 

The result of friction force distribution using equation (6) is depicted on Figure 6. 
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Figure 6. Static friction distribution of bent CNT. 

 

In each manipulation, the AFM tip was dragged across the surface in a 200–300 nm 

straight line while operating in contact mode with a constant normal force, typically, at least 

50 nN. After manipulation, attractive regime amplitude-modulated AFM was used to image 

the CNTs.  

 

 

Figure 7. Noncontact AFM images showing a series of manipulations on CNTs. 

 

The SWCNT in Figure 7 was initially straight and then subsequently manipulated into 

the shapes shown in Figures 7. (a)–(c) leading to a final structure. The arrows in each image 

represent the direction the AFM tip was dragged across the surface in contact mode, thus 

deforming the CNT into each subsequent shape. [67] 
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Stan’s method 

 

AFM manipulation was used to bend as-grown Si and fully oxidized Si NWs into a 

hook or loop shape. In the proposed NW bending method, the in-plane geometry of a bent 

NW was obtained after each manipulation step by taking the corresponding AFM topographic 

image. The AFM image was analysed and as a result the local bending stress was calculated 

which was used to calculate the static friction force distribution (Fig. 8). 

 

 

Figure 8. Static friction, shear force and bending moment distribution (left) and visualization of static friction 

(right). 

 

The coordinates, x and y, which defined the NW profile in the plane of scan were 

retrieved from AFM images with help of DataThief. A parabolic fit, y=Ax
2
+Bx+C, was 

introduced to the coordinates obtained from the image and the coefficients (A, B, C) were 

gained which were used to calculate the static friction force along the NW. 

 

 

Figure 9. The last bending (left) and failure (right) of Si NW. 

 

The method is similar to Strus’ [67] method in terms of the distributed friction force 

equation, but due to the usage of parabolas the calculated result differs from Strus’ result. [66]  
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4. MATERIALS AND METHODS 

 

4.1 ZnO NWs 
 

ZnO NWs grown using Au nanoparticles as catalyst in the VLS method [71] were 

chosen for manipulation experiments. NWs obtained by VLS method have shown well-

defined geometrical structure, with well-structured facets and proper mechanical properties 

for manipulation experiments. The NWs obtained ranged in length from 10-20μm and 

diameter in the range of 60-200nm. The NWs were mechanically transported from the VTM 

grown substrate by either scraping it with sharp tip or using cleanroom wipes to pick up wires 

by touching the substrate and moving to silicon surface. During transport NWs were broken 

into shorter pieces in the range of 1-10μm. 

 

4.2 Experimental set-up 
 

Manipulation experiments were conducted inside a SEM (Tescan VEGA II) using 

contact AFM cantilever (Nanosensor ATEC-CONT cantilevers C=0.2 N/m) mounted onto a 

3-dimensional nanomanipulator (SmarAct SLC-1720-S). Geometry of the cantilever provided 

tip visibility from the top.  

For mechanical characterization of ZnO NWs the home-made force sensor was used. 

Force sensor was made by gluing the AFM cantilever with a sharp tip to one prong of a 

commercially available quartz tuning fork (QTF). In experiments QTF is driven electrically 

on its resonance frequency in self-oscillation mode. Oscillation parameters of such system 

strongly depend on the forces acting on the tip, which enables to measure the forces involved 

in manipulations. The signal from the QTF was amplified by lock-in amplifier (SR830, 

Stanford Research Systems) and recorded through the ADC-DAC card (NI PCI-6036E, 

National Instruments). The typical values of the driving voltage were 20-50 mV and 

corresponding tip oscillation amplitude in order of 100 nm. In experiments, tip oscillated 

parallel to the sample surface (shear mode) and normal to NWs. The force sensitivity of the 

sensor was calibrated on pre-calibrated AFM cantilevers (FCL, AppNano and CSG11 

C=0.03-0.1 N/m, NT-MDT). The tip was electrically connected to the QTF electrode to 

exclude charging effects. To make the QTF response faster, the Q-factor was reasonably 
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decreased by putting a small drop of epoxy resin (Ecobond 286, Emerson & Cuming) onto the 

opposite prong of the QTF. 

 

4.3. Elastic beam theory employed for tribological and mechanical 

measurements 
 

Let us consider a prismatic NW elastically bent in plane under external lateral forces, which 

may consist of uniformly distributed or point forces. As a result, the NW is kept in 

equilibrium due to the balance of intrinsic elastic forces and external forces. In this case the 

common EBT [72] can be employed to find the equilibrium equations for the NW. They will 

include the force F and momentum M of elastic stress defined as integrals by cross-section S 

at any given point l along NW axis by components [72]:  

 S
ii dSnF  ,     (7) 


S

ii dSnreM   ,        (8) 

where σβγ are components of stress tensor, ηγ the components of normal vector of the elements 

of cross-section area dS, rα the components of radius vector from the axial point l and eiαβ is 

the unit anti-symmetric tensor. Both the momentum M and elastic force F are functions of the 

coordinate l along the axis of the NW.  

For a NW at equilibrium, the equations of the full system between force F and momentum M 

are as follows:  

f
F


dl

d
,           (9) 

tF
M


dl

d
,          (10) 

where f is the external distributed force per unit length acting on NW and t is the tangent 

vector of the NW axis.  

For the pure bending case of prismatic NWs the following equations were obtained: 

dl

d
EI

t
tM  ,            (11) 

where E is the Young modulus and I is the area moment of inertia of the NW. Since the NW 

deformation in plane, M is always directed out of plane and equation (11) can be rewritten as: 
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


EI
dl

d
EIM  ,     (12)  

where curvature κ can be defined as Rdld /1/   , where φ is the tangent angle along the 

NW in point l, R is the local radius of curvature. 

 

 

Figure 10. Schematics of a NW of length L and diameter D held in bent state by in-plane distributed lateral force 

f. Fixed coordinates system Oxyz and local coordinate basis (t,n) along the NW axis l are used. Angle between 

the tangent vector t and axis Ox is denoted as φ. 

 

Nanowire bent while clamped at one end  

 

Let us consider a NW of length L fixed at one end and loaded by a concentrated force 

Fload perpendicular to the initial straight NW line (Figure 10). This problem is classical and 

described in textbooks (e.g. [73]) through the following equilibrium equation along the NW 

axis: 

.      (13) 

Boundary conditions for the fixed end and for the zero momentum M at the other end 

dictate: 

,           (14) 

           .           (15) 

NW profile can be then expressed via elliptic integrals or calculated numerically from 

the tangent angle φ(l) directly from Eq. (13). For the reference, the length of the NW from 0 

to the current point as a function of the current tangent angle is: 

,      (16) 

0cosload2

2

 


F
dl

d
EI

0
Lldl

d

0
0


l













0 0load sinsin2

d

F

IE
l



24 

 

where  is the tangent angle at the free end, which correspondingly can be found from 

Eq. (16) knowing the overall length L through the following equation: 

.                          (17) 

The profile of the NW in Cartesian coordinates can be expressed therefore as: 

,    (18) 

.      (19) 

 

 

Figure 11. Schematics of NW fixed at one end and loaded at the other end by concentrated force Fload. 

 

Nanowire dragged on surface  

 

When a NW is being uniformly dragged at its midpoint without rolling and all parts of 

the NW have the same constant velocity, the equilibrium equations Eq. (9, 10) are still 

applicable due to Galileo's principle of relativity. In this case, the profile of the deformed NW 

is determined by the balance of the external driving tip force, the kinetic friction between the 

NW and the substrate and the intrinsic elastic forces of the NW. The distributed driving force 

Fapl-lat can be modelled via the delta function, and the kinetic friction q
kin

 maintains a constant 

vector opposite to the direction of motion and Fapl-lat (Fig. 12): 
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The condition of zero total force yields Fapl-lat=-q
kin

L. Zero elastic force and momentum at the 

free ends of the NW dictate the boundary conditions [73]: 

0
0


 Lll

FF ,     (21) 

0
0


 Lll

MM .      (22) 

 

The differential equation of “kinetic” equilibrium of the NW on the interval (0, L) directly 

follows from Eqs. (9-11):  

,   (23) 

where      is the Heaviside step function. The Eq. (20) can be solved numerically in order to 

obtain the NW profile. It is easy to see that the solution of Eq. (20) together with the initial 

condition         fully complies with the free boundary conditions Eq. (20a,b). 

 

 

Figure12. Schematics of a NW of length L being pushed at the midpoint by concentrated force Fapl-lat and 

affected by distributed kinetic friction force q
kin

. Fixed coordinates system Oxyz and local coordinate basis (t,n) 

along the NW axis l. Angle between the tangent vector t and axis Ox is denoted as φ. 

 

Nanowire equilibrium while lying on surface 

 

In the case when the NW had been preliminarily bent by an actuator, it can be 

sustained in bent state by static friction forces from the substrate after the removal of the 

external load. The equations of equilibrium for a purely bent NW affected by distributed static 

friction force f(l)=q
st
(l) give (see Fig. 10 and, e.g., [73]): 

,     (24) 

,                       (25) 
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,       (26) 

where Ft and Fn are the projections of elastic force F,  and  are the projections of q
st
 to 

the local coordinates (t, n). The complete set of boundary conditions Eqs. (21-22) applied to 

the system Eqs. (24-26) yields: 

,        

(27) 

       (28) 

The tangential component of the friction  will be neglected, thus making the system of 

Eqs. (24-26) complete and yielding: 

      (29) 

,       (30)

 

 

which solves the system together with the initial condition Ft|l=0 = 0. The absence of a 

tangential friction component does not lead to the vanishing of Ft which is then fully “driven” 

by the normal component Fn and necessary for exact NW equilibrium. 

It is important to note that the assumption  was dictated by an intuitive consideration 

that the direction of q
st
 should be close to the direction at which the NW tends to unbend. This 

“unbending” direction correspondingly lies close to normal to the NW’s line. Formally it 

means that the integral contribution of  along the length of the NW is much smaller than 

that of . Moreover, the tangential component of force does not contribute to bending in the 

framework of the given model and is considered to be a small effect of higher order. 
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5. RESULTS AND DISCUSSION 

 

In this part the experimental details of nanomanipulation experiments are described. 

First, results of Young modulus measurements are presented. Secondly, kinetic friction 

measurement experiments are demonstrated with corresponding results. Finally, the static 

friction measurements are presented along with comparison of different methods found in 

literature.  

 

5.1 Young modulus measurements 
 

Si wafers used for Young modulus measurements contained 1 µm deep and 2 × 2 µm 

wide trenches (Fig. 13b) cut by focused ion beam (Helios NanoLab, FEI). Experiment started 

with finding NW that had appropriate parameters (uniform thickness, sufficient length) and 

situated in the close proximity of the patterned area. The selected NW was moved then by the 

AFM tip toward nearest trench and positioned over its edge so that one end of the NW was 

suspended over the trench while another end was fixed to the substrate surface by the 

adhesion force. Measurement procedure consisted in bending of the NW suspended part by 

the AFM tip in direction parallel to the trench wall (Fig. 13). The QTF oscillation amplitude 

signal (which directly correlates with the applied force) and SEM images were recorded 

simultaneously during the measurements. For the calculation of Young modulus the NW 

profile from the SEM image was numerically fitted to the curve given by the equation of 

equilibrium for a bent elastic beam and the value of Young modulus was extracted. 

 

 

Figure 13. Schematics of experiment. (a) QTF with the glued AFM tip contacts a NW suspended over a trench 

on the silicon sample; Corresponding SEM image of the AFM tip, NW and trenches can be seen (b). 
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The typical force curve and the corresponding SEM images are presented in Fig. 14. 

The averaged value of Young’s modulus for 13 different NWs was found to be 58±34 GPa. 

The mean value is in good agreement with other works performed on ZnO NWs. Manoharan 

et al. found 40 GPa for a NW with the diameter of 200–750 nm [63] and Song et al. found 29 

GPa for a NW with the diameter of 45 nm [74]. Significant variation in magnitudes of 

Young’s modulus from 22 to 117 GPa in the measured set of NWs clearly evidences the 

importance of gathering the Young’s modulus for each NW individually. 

The proposed method opens a route to measure Young’s modulus of rather short NWs 

with lengths of a few microns. In experiments, the length of the suspended part of NW was 

about 1-2 µm in contrast to at least a few tens of µm in other works dealing with NW bending 

[75,54]. 

Another advantage of the method is that there is no need to worry about fastening of 

the NW to the substrate. The static friction force between the NW and the substrate was high 

enough to keep the adhered part of the NW in place as it was visible in SEM. It would make 

sense to assume that in such hard contact any "floating" deformations were not possible. In 

some cases when the force was sufficiently high, sudden slips of NW were observed. Then the 

before-slip interval was used for the analysis. It is also worth noting that breaking of NW was 

never observed in the bending experiments, even at large bending angles (θ ≈ 60°). 

 

 

Figure 14. SEM images of the suspended NW being pushed by the tip and the corresponding force-time curve. 

The tip approaches the NW, the arrow indicates the direction of tip movement (a); The NW is slightly bent (b); 

Maximal bending of NW and the corresponding schematics of the NW loading. The NW has come off the tip 

and the force has dropped to zero (d). The calculated Young’s modulus is E=104 GPa. 
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5.2 Kinetic friction measurements 
 

For the kinetic friction measurements a NW was translated along the substrate surface 

by pushing it at its midpoint with AFM tip. During dragging the NW bent into an arc of a 

certain curvature that is determined by balance of NW-substrate kinetic friction and elastic 

forces inside the NW. The profile of the NW remained constant during translation and was 

used to determine the kinetic friction force distributed along the NW (Fig. 15). 

The determination of the kinetic friction was problematic for the relatively low aspect 

ratio NWs (shorter than about 3 μm for 100 nm thickness) due to the large radius of the 

curvature during the translation. Thus, longer NWs were preferable.  

 

 

Figure 15. SEM images of the ZnO NW shape profile during the NW dragging. The AFM tip contacts the intact 

NW, the arrow indicates the direction of tip movement (a); Partially displaced NW (b); Completely displaced 

NW (c); Final characteristic shape(d). 

 

For calculation of the distributed kinetic friction force the EBT was applied. NW 

length L, diameter D and profile during manipulation were obtained from the SEM images. 

Actual values of Young moduli measured individually for each NW were used for the 

calculation. 

The measurements were performed on eight NWs with different diameters on Si/SiO2 

substrate. The average value of the kinetic friction force ranged from 0.03-0.7nN/nm. It was 

shown, that kinetic friction tended to grow, when NW diameter increased. The average value 
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of the interfacial shear stress is qkin=3.2 MPa and 2.1 MPa [69]. These results are in a good 

agreement with Manoharan et al. who obtained 1 MPa for the interfacial shear stress for ZnO 

30-40 μm long NWs with 200 nm diameters parallel to the NW axis dragging [76].  

 

 

5.3 Static friction measurement with different analytical methods 
 

Single NW on silicon surface was manipulated by the following procedure. The 

substrate with deposited NWs was inspected in SEM and single NW of appropriate aspect 

ratio in the range of 30-60 was selected. Those NWs can be bent into complex shapes more 

easily. For lower aspect ratios the elastic forces in bent NW tend to overcome static friction 

and only common shapes, like arc-shapes can be observed. Proper NW was chosen and 

gradually bent in plane with the AFM tip. After retraction of the tip the residual bent shape of 

the NW was determined by the balance between elastic and interfacial forces. The procedure 

was repeated many times and different shapes of NWs were obtained. 

A single S-shaped NW with appropriate aspect ratio was chosen (Fig. 16) and 

different methods for calculation of distributed friction force were applied and compared.  

 

 

Figure16. Continuous set of SEM images of ZnO NW bent into S-shape by AFM tip and. The NW diameter is 

90nm and length is 5.5μm.  

 

Firstly it is necessary to know the exact geometry, size and elastic modulus of the 

NWs for the application of EBT and determination of distributed friction force in all 

considered methods. Those properties strongly influence the interfacial forces acting between 

the surface and the NW and thus affect the mechanical behaviour of NWs. The cross-section 

of ZnO NWs used in experiment is assumed to be hexagonal [77]. Young’s modulus of 

58GPa was used, as measured for the same type of ZnO NWs in earlier work [78]. 



31 

 

Second step is skeletonization, i.e. extracting the centreline and subsequently the local 

curvature distribution function. Different authors used different skeletonization procedures. 

Stan [66] and Strus [67] both used the software DataThief, although the final skeleton for 

friction analysis was obtained slightly differently. Strus [67] used the raw DataThief data and 

smoothened it with three- and five-point running mean average filters. Stan provided no 

information about smoothening and therefore the assumption was made that the raw skeleton 

was used. Stan applied parabola-fits, where a parabola in the form y=Ax
2
+Bx+C was fitted at 

each point along the NW skeleton comprising six adjacent points (three at each side). 

The skeletonization proposed by Dorogin et al. in [69] is distinctive in the usage of 

specially defined polynomials for curvature distribution. It enabled to comply with the 

boundary conditions of the free ends of the NW already at the stage of skeletonization. 

Another advantage is direct fitting and interpolation of the centreline, without necessity for 

additional filtering. 

Bordag in his original paper [68] did not use any skeletonization algorithm. Instead a 

circle was fitted to the image of the NW to find the single value of radius of curvature in the 

most bent part of the NW for determination of maximum value of static friction. In the current 

paper curvature function based on Dorogin’s method were used for Bordag’s static friction 

calculation to obtain friction force values not only in the most bent state, but at each point of 

the NW. 

At the third (final) step the static friction force distribution, the elastic energy 

distribution and the total elastic energy can be calculated if the curvature distribution is 

known. The analytical expressions for the friction distribution are summarized in Table 1. 

Bordag [68] on the basis of the fact that an elastically bent beam stores a certain amount of 

elastic energy extracted the restoring force of circularly bent beam and identified it as the 

static friction force. 

Strus [67] and Stan [66] calculated the friction force from the equilibrium equations of 

elastic beam without taking the boundary conditions into account. Moreover, as can be seen 

from the Strus’ expression, only the 3
rd

 derivative term is present. Stan had used the same 

solution for the friction distribution, but expressed in the terms of parabolic coefficients A and 

B. Due to the algebraic mistake found in [66] the expression was corrected and used 

henceforth. 

Dorogin [69] had employed the equilibrium equations likewise, but with a different 

result. The 2
nd

 term proportional to the curvature had emerged.  
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Table 1. Analytical expressions and calculated values of static friction distribution between the complexly bent 

NW and substrate. 

Authors 

Static friction between the NW and substrate 

Analytical expression 
Average 

value, nN/nm 

Maximal value, 

nN/nm 

Bordag 

et al. 

[66](*) 

3

2


EI
F st

n   0.024 0.1 

Strus et 

al. [67] 
2

2

dl

d
EIF st

n


  0.21 0.49 

Stan et 

al. [66]
 

(**)
 

2

9

222

2223

)144(

)141616(24






BABxxA

BABxxAA
EIF st

n  0.19 1.4 

Dorogin 

et al. 

[69] 

)
2

(
3

2

2 


dl

d
EIF st

n  0.20 0.38 

(*)modified Bordag using Dorogin’s skeleton as a basis  

(**) x is the coordinate in the plane of the SEM image. 

 

Let us now consider all described methods in application to the S-shaped NW (see Fig. 

2a). The numerical results for the average and maximum static friction per unit length are 

presented in Table 1 for all the methods. The diagram with static friction distributions along 

the NW for all the methods is depicted in Fig. 18, whereas Fig. 17 contains friction and elastic 

energy distributions for Dorogin’s method only. 

From Table 1, it is evident that the method proposed by Bordag [68] underestimates 

the friction force. Stan’s method also has certain drawbacks. The centreline acquired from the 

DataThief may contain local disturbances if the original image is not smooth enough. 

Therefore, Stan’s result exposed to high frequency artefacts arising from higher order 

derivatives used to calculate static friction and therefore is more sensitive to small 

disturbances in the curvature of the NW. Due to the fact that Strus used averaging filters the 

obtained static friction distribution is relatively smooth compared to the result obtained by 

Stan. 
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Finally, the methods by Bordag, Strus and Stan neglect the role of free ends of NWs. 

In present paper the skeletonization part was developed further to enable managing and 

extraction static friction from more complex shapes. Free ends of NW are effectively 

accounted preventing information lost during processing. The results of the refined Dorogin’s 

algorithm applied to S-shaped ZnO NW are shown in Fig. 17, where the arrows indicate the 

direction and amplitude of the normal component of static friction. 

 

 

Figure17. Static friction (a). Elastic energy (b). The total calculated elastic energy stored in the NW is 0.14pJ .
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Figure 18. Calculated static friction force distribution along the selected N by four different methods: Dorogin’s 

(a), Stan’s (b), Strus’ (c), Bordag’s (d). 

 

Limitations of the elastic beam model  

 

ZnO NW is a single crystalline material and should possess anisotropy of elastic 

properties. On the other hand, investigations revealed presence of various defects in NWs 

grown using VTM [79]. Both facts lead to significant variations in NW’s elastic moduli. In 

fact the measured Young modulus is averaged characteristic related to certain kind of elastic 

deformation and it may change e.g. if NW has rolled to another contact facet. 

Deformation of NW during the manipulation experiments is actually more 

complicated than purely bent strain assumed by the simple EBT. This is connected with 

points of application of external forces (distributed friction and tip’s concentrated forces) and 

torques produced by them. As a result of forces applied at NW’s sidewalls, direction of the 

momentum M deviates from Oz and NW is torqued. Torsion of NW is not considered in the 

model and, consequently, real magnitude of external force can be higher because the torsional 

component is neglected. 

It is also important to note that no plastic deformation was observed during the 

bending experiments. Bent NWs released from external forces have relaxed to restore straight 

profile  
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Cross section, substrate and contact area  

 

Geometry of NW and particularly cross section require special attention in 

nanomanipulation experiments, because they determine the area momentum of inertia I and 

NW-substrate contact area and strongly influence on flexibility of the NW. Uncertainty of 

these parameters can introduce significant scattering in experimentally obtained friction data. 

On the contrary to “dry” macroscopic friction, nanoscale friction is controlled by 

intermolecular van der Waals forces and extensively depends on the contact area. Moreover, 

even small surface defects (“bumps”) may introduce large difference in friction due to rapid 

decay of van der Waals forces. 

Scattering in magnitudes of friction force is sometimes explained by presence of 

contamination layer in contact area which prevents easy sliding (low friction) that would take 

place in the case of clean surfaces [80]. Nevertheless, a broad experience in manipulation of 

ZnO NWs allows to propose rather opposite explanation of scattering in experiments. NWs 

with visible surface defects or contaminated have demonstrated low friction versus NWs of 

perfect shape and visibly ideal surface. Sometimes “perfect” NWs were adhered to the 

substrate so strongly that it was not possible to move them by means of the manipulation 

setup.  

Real-time visual guidance is the technique necessary for correct estimation of the 

geometry of NW and consequently the contact area. In the most of cases in experiments it 

was possible to clarify and filter out belt-like and other irregular shaped NWs. However, 

resolution of the SEM used in experiments did not enable to clearly identify the cross section 

of NW in some cases. Therefore high resolution microscopy is of critical importance to 

increase the quality of data analysis. 

 

Other peculiarities  

 

Measurements of Young modulus using QTF-based force sensor involve calibration 

procedure. The calibration implies that interaction between the sensor and measured sample 

leads to the same amplitude-force dependence as in case of the reference sample, i.e. 

calibration curve is invariant. The reference and measured samples are essentially different 

and the exact conformity of calibration curves would need a special investigation. 

Due to high scattering of Young modulus, it would be better to perform deformation-

based methods of friction force measurements described in the present paper pairwise with 
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measurements of Young. Experimentally this is not always possible for each particular NW 

or might be time-consuming. 

Frame rate of SEM observations make it possible to control the state of the system 

within the timescale of human’s responsiveness. Although, characteristic times of NW 

systems are several orders smaller. The motion seen as smooth translational might be actually 

stepped movement. In considering measurements of kinetic friction, NW is assumed to be 

uniformly moving. The actual NW dynamics is a slip-stick motion, which is practically 

impossible to observe directly. This would mean that during most of time NW is statically 

adhered and moves only short periods of time. But one can claim that in spite, during the 

short slip periods the NW reaches equilibrium with the external pushing force, and the 

bending profile is determined by exactly kinetic friction force. If the NW was bent “weaker” 

(straighter) than the equilibrium requires, the NW would be deformed further by the tip. If the 

NW was bent “stronger” than necessary, the NW would relax (become weaker deformed) 

during the slip. Then static friction only conserves the current bending profile until the next 

slip. However, the general definition of kinetic friction does not consider underlying 

mechanics, and is fundamentally macroscopic.  
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SUMMARY 

 

Due to small dimensions and high aspect ratio NWs have shown to possess 

fundamentally different properties from its bulk counterparts. The need to have knowledge 

about real properties of such nanostructures has risen not only due to fundamental aspects but 

because of miniaturization of electromechanical systems and devices. While being widely 

used in applications, mechanical and tribological properties of NWs are still poorly studied. 

In the framework of the thesis new more accurate methods for characterising 

tribological and mechanical properties of NWs were proposed and demonstrated 

experimentally on ZnO NWs on a flat Si surface. 

First of all, Young modulus of ZnO NWs was measured by bending half-suspended 

NW and registering the applied force by home-made force sensor. The EBT based model was 

implemented for analysis of experimentally obtained force-distance data. For 13 measured 

NWs the calculated values of Young modulus ranged from 22 to 117 GPa with average value 

of 58±34 GPa. The results were in a good agreement with other works performed on ZnO 

NWs. 

In order to measure the kinetic friction between ZnO NWs and Si wafer, a NW was 

dragged from its midpoint and its bending profile was registered. Then the EBT based model 

enabled to calculate the distributed kinetic friction force acting by numerical fitting. The 

resulting values for kinetic friction ranged from 0.1-0.3 nN/nm with median value of 

0.25nN/nm. The average value of the interfacial shear stress was qkin=3.2 MPa. 

Finally, distributed static friction for elastically bent NW was extracted from 

experimental data. Elastic flexibility of NW is much greater than for bulk materials enabling 

to bend it into complex shapes that can be preserved by strong adhesion and friction forces 

even after removal of the manipulator tip. In such case, the analysis of equilibrium of the bent 

NW provided information about NW-substrate distributed static friction force. Although a 

number of methods for the analysis had been proposed by different authors, they all leave a 

field for discussion concerning their limitations and range of errors. The main drawbacks of 

those methods had rooted in physical equilibrium equations and pre-processing procedures. 

Due to that, for complexly bent NWs the divergence in friction force could reach an order of 

magnitude. That evidenced the need for usage of accurate modelling of NW bending profile 

in complex systems. The refined EBT based method with optimized polynomials exhibited 
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higher level of accuracy due to the boundary conditions incorporated at the pre-processing 

stage and full complying of the elastic equilibrium equations. 

One more noteworthy advantage of the described methods is a possibility to be 

applied for various one dimensional nanostructures with practically no limitation on the 

material used. 
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The research presented in the thesis was made in a team work. However, the author 

participated in the study from its very beginning to the end and contributed to all its main 

stages. In particular: 

 Author participated in development of experimental equipment and prepared 

drawings of essential parts of the manipulation set-up; 

 Author prepared several QTF-based force sensors; 

 Author participated in and performed individually manipulations experiments inside 

scanning electron microscope; 

 Author complemented the calculation algorithm and software script for Young 

modulus measurement based on fitting the experimental bending profile of a NW;  

 Author participated in data analysis and performed calculations of Young modulus of 

NWs; 

 Author is implemented three methods described in literature for analysis of static 

friction forces in elastically bent NWs on a flat surface; 

 Author elaborated an improved algorithm for analysis of static friction forces in 

elastically bent NWs on a flat surface; 

 Author applied and compared known methods along with his original method for 

extraction of distributed static friction from experimental data for elastically bent ZnO 

NWs on a silicon wafer.  
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SUMMARY IN ESTONIAN 

 

ZnO nanotraatide mehhaaniline ja triboloogiline karakteriseerimine 

 

Mikk Antsov 

 

Kokkuvõte 

 

Uurimistöö käsitleb tänapäeva materjaliteaduse ja füüsika üht omapärasemat 

uurimisvaldkonda, kus nanotraatidest koosnevate süsteemide omadused sõltuvad otseselt 

vastava süsteemi suurusest, mis on vägagi aktuaalne nanoskaalas asuvate süsteemide juures, 

kus pindala/ruumala suhe on kordades suurem kui makroskoopilstes süsteemides. 

Käesoleva magistritöö raames arendati välja uued, täpsemad meetodid nanotraatide 

mehhaaniliste ja triboloogiliste omaduste karakteriseerimiseks, nii eksperimentaalselt kui ka 

teoreetiliselt. Meetodite rakendatavust demonstreeriti  ZnO nanotraatide 

manipuleerimiskatsetes tasasel räni pinnal ja katsetulemuste teoreetilises analüüsis. Katseid 

teostati skaneerivas elektronmikroskoobis, mis võimaldas jälgida otseselt nanotraatite 

käitumise iseärasusi mõjustamisel aatomijõu mikroskoobi teravikuga või jõusensoriga.  

Mehaaniliste omaduste määramiseks manipuleeriti  ZnO nanotraate pooleldi-rippudes üle 

räni pinnal asuvate kanalite ning mõõdeti nanotraadi mehaanilist reaktsiooni jõusensori poolt 

avaldatava mõju vastu. Mehaaniliste reageeringute mõõtmistulemusi kombineeriti elastsete 

varraste teooriaga, mille põhjal arvutati üksikute ZnO nanotraatide Youngi moodulid. 

Arvutatud Youngi mooduli väärtused jäid 22-117 GPa vahemikku.   

ZnO nanotraate mõjustati aatomijõu mikroskoobi teravikuga (ilma jõusensorita) räni pinnal, 

paigutades positsioneeriv teravik traadi keskpunkti ning lohistati mööda pinda . Teatud hetkel  

vaadeldi nanotraadi profiili tasakaalustumist, mis oli tingitud elastsus- ja hõõrdejõudude 

vastasmõjust.  Vastavast nanotraadi profiilist oli võimalik elastsete varraste teooriat 

rakendades arvutada kineetilise hõõrdejõu väärtused ja jaotus piki nanotraati. ZnO jaoks jäid 

mõõdetud kineetilise hõõrdejõu keskmised väärtused 0.03-0.7nN/nm vahemikku. 

Nanotraatide erinevate tasakaaluliste profiilide analüüsiks arendati välja uudne täiustatud 

mudel, mis võimaldab elastsete varraste teooria raames viia läbi arvutusi staatilise hõõrdejõu 

jaotuse määramiseks. Originaalset metoodikat võrreldi otseselt juba varasemalt teada olevate 

mudelitega ning näidati, et sõltuvalt mudeli valikust võivad tulemused hõõrdejõu jaotustes 

erineda suurusjärkude võrra. Erinevate meetoditega arvutatud hõõrdejõu keskmised väärtused 

jäid vahemikku 0.1-0.49nN/nm.   
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