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ABSTRACT

The Atomic Force Microscope (AFM) is an invention that has enabled a significant
number of studies and discoveries in the field of nanotechnology. It is well-known that
the resolution of AFM-based applications is critically dependent on the tip bluntness of
the probe utilised. Numerous researchers have proposed different approaches to assess
the condition of AFM probe tips. In spite of these efforts, further advances are still needed
for the express analysis of the bluntness of such tips. In this context, the overall aim of
the research work presented in this Thesis was to investigate a novel in-situ technique for
assessing the apex condition of AFM tips. In particular, this technique relies on the
analysis of depth-sensing data obtained from the nanoindentation of the probe tip into a
soft elastic sample. Nanoindentation is a process that is readily implemented on AFM
devices. For this reason, the proposed technique could be a fast an efficient approach for
deciding when AFM probes should be replaced. The theoretical argument on which the
technique is based is that the current shape of the tip apex in its working position within
an AFM device can be approximated as a power-law function and that the exponent of
this function can be used as a quantitative measure of the tip bluntness. Based on this
approximation and the use of the self-similar (scaling) approach to depth-sensing
indentation, it is possible to extract this bluntness parameter, herein also referred to as the

degree of tip bluntness, from AFM nanoindentation data.

The practical implementation of this technique was realised using a commercial
AFM device and commercial probes. The actual geometry of the apex of these probe was
also studied in details using additional experimental methods via the use of Scanning
Electron Microscopy and also via the so-called “reverse imaging” method to obtain two-
and three-dimensional data about the tip apex of these probes. Among the different



contributions made from the work carried out in this research, the most important
conclusion is that a good agreement was found between values of the bluntness parameter
evaluated by the proposed technique and the effective bluntness obtained from analysing
the actual three dimensional geometry of the AFM tips. Thus, it can be argued that the
technique put forward in this work for the express analysis of the bluntness of AFM probe
tips using depth-sensing nanoindentation can be considered as a valid method when

assessing the condition of AFM probes
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Chapter One Introduction

1.1 Background and motivation

The Atomic Force Microscope (AFM) was invented by Binnig et al. (1982) for the
primary purpose of measuring the topography of surfaces with nano-scale resolution.
Since its inception, the AFM has also proven to be a powerful tool for other applications
in the field of nanotechnology, such as nano-tribology investigations and nano-
manufacturing (Tseng and Notargiacomo 2005). The resolution of such AFM-based
applications is critically dependent on the tip geometry of the probe utilised. At the same
time, the quality of the tip is strongly affected by the degradation of its apex through wear.
Therefore, it is very important to implement fast, reliable and repeatable methods for the

quantitative and qualitative characterisation of the tip apex.

To date, a relatively large number of research studies, which will be reviewed in
Chapter 2, have investigated different techniques for this purpose. These can be broadly
classified into in-situ and ex-situ techniques depending on whether or not they can be
implemented on an AFM instrument. Studies that reported the implementation of ex-situ
techniques, such as those of Bloo et al. (1999), Dongmo et al. (2000), Chung (2003), Liu
et al. (2010) and Jacobs et al. (2016), rely on the observation of AFM probe tips using
electron microscopy instruments. Despite enabling the acquisition of accurate images of
tip profiles, such approaches only provide two dimensional (2D) geometry data. In
addition, they require the frequent removal of probes from AFM instruments and thus,
they are not suited for the true condition monitoring of AFM tips. For the above
mentioned reasons, researchers developed other in-situ techniques to overcome these

limitations. Some of these techniques enable the acquisition of three dimension (3D) tip
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Chapter One Introduction

geometry data via the reverse imaging principle through the utilisation of a “special tip
characteriser”, which could be commercially available as in the case of Bykov et al.
(1998), Lucas et al. (2008), Calabri et al. 2008) and Zhenhua and Bhushan (2006) or
custom-made by researchers themselves in the case of Atamny and Baiker (1995), Bao
and Li (1998) and Sheiko et al. (1994). Such 3D data can also be obtained by scanning
the tip under investigation with a sharper AFM probe such as in Gozen and Ozdoganlar
(2013;2014) and Zhao et al. (2001). A comprehensive critic of existing in-situ and ex-situ
techniques will be presented in Chapter 2. The main conclusion from this critical review
Is that the assessment of the condition of AFM tips remains an area of open research. In
particular, it is still of current scientific interest to develop new in-situ tip apex
characterisation techniques, which should be conducted on AFM devices in a simple, fast,

reliable and repeatable manner.

1.2 Research goals and objectives

In this context, the overall aim of the research reported in this Thesis is to
investigate a novel in-situ technique for the assessment of the apex of AFM tips. This
technique relies on the analysis of depth-sensing data obtained from the nanoindentation
of the probe tip into a soft elastic sample. The theoretical foundations on which this
technique is based will be presented in details in Chapter 3. Essentially, it relies on the
argument that the current shape of the tip apex in its working position within an AFM
device can be approximated as a power-law function and that the exponent of this function
can be used as a quantitative measure of the tip bluntness. Based on this approximation,
it is possible to extract this bluntness parameter, herein also referred to as the degree of
tip bluntness, from AFM nanoindentation data. Indeed, as will be presented in Chapter 3,

this approximation enables the utilisation of scaling formulae presented by Borodich et
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Chapter One Introduction

al. (2003) for nanoindentation. These lead to a fundamental relation between the depth of
indentation, the load applied and the degree of tip bluntness for the unloading branch of
the recorded load-displacement curve.

Thus, the particular objectives of this thesis are:

o To develop an appropriate experimental methodology such that the proposed
novel in-situ technique for assessing the bluntness of AFM probe tips can be implemented

based on the Borodich rescaling formulae for AFM nanoindentation tests.

o To validate the proposed technique by comparing its results with those obtained
when analysing three dimensional geometry data for the AFM tips considered in this

research.

o To explore the possibility of proposing additional approaches for assessing the
bluntness of AFM tips based on the availability of volumetric measurements for the

probes under evaluation.

1.3 Structure of the Thesis

Chapter 2 presents a review and a critical analysis of the different techniques
reported in the literature for characterising the condition of the apex of AFM probe tips.
Chapter 3 describes the theoretical foundations on which the proposed tip bluntness
assessment technique is based. The experimental methodology for implementing this
technique in practice is outlined in Chapter 4. Data obtained from nanoindentation
experiments carried out on a soft elastic polycarbonate material are reported for set of

different non-axisymmetric tips. In the same chapter, these data are also analysed by
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Chapter One Introduction

applying the Borodich rescaling formulae on the unloading part of the recorded force-
displacement curves in order to extract the degree of bluntness for each tip. Chapter 5
focuses on the evaluation of the suitability of this new technique by comparing its
outcome with the degree of tip bluntness obtained from the analysis of different cross
section profiles extracted from 3D geometry data for all probes considered. Chapter 6
extends the work conducted in Chapter 5 by employing the full set of 3D data available
for a given tip, instead of selected cross sections, to perform this comparison. To achieve
this, a mathematical model is developed in which the volume of the tip is expressed as a
function of its degree of tip bluntness. Based on the experimental knowledge of this
volume, the degree of tip bluntness could be calculated using a numerical appraoch. In
the same chapter, an alternative metric is also reported for assessing the condition of the
tip apex based on volumetric data only. Finally, Chapter 7 presents a brief summary of
the research reported in this Thesis. In particular, the most significant findings and
contributions are highlighted. Recommended areas for future work are also given in this

chapter.
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Chapter Two Literature Review

2.1 Aim and Objectives

This chapter starts by presenting the basic working principle of an AFM together
with the key components, which enable such an instrument to fulfill its range of functions.
As already mentioned in Chapter 1, the resolution and accuracy of AFM measurements,
and that of derived tip-based fabrication methods on the nano-scale, is critically
dependent on the geometry of the probe tip. Thus, for reliability and repeatability
purposes in practice and also for theoretical considerations, the accurate knowledge of
the shape of the AFM probe tip is critical. For this reason, this chapter also presents a
systematic review of different techniques reported in the literature to assess the geometry
of the tip of an AFM probe. This review represents the main focus of this chapter and is
reported in Section 2.3. The respective advantages and disadvantages are also discussed
for each technique. Based on this review, a number of knowledge gaps, which support

the motivation for this PhD research, are identified and presented in section 2.4.

2.2 AFM: basic principles

The focus of this section is to introduce the main components of an AFM
instrument. Such basic components are required to scan the surface of a sample by
enabling the detection and the control of the interaction force between the tip and the
surface. They can be grouped into the following three categories, namely force sensing,
actuation and feedback mechanism. These are respectively described in the following

paragraphs.
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Chapter Two Literature Review

The force sensing functionality of an AFM can be described as consisting of two main
elements, namely the AFM probe and the instrumentation used to detect the deformation
of the probe. Probes are micro-fabricated following a lithography-based process route.
An AFM probe can be simply described as a cantilever on which a tip is mounted at its
free end. Tips are commonly made of silicon or silicon nitride materials. Also, to increase
the accuracy of image obtained by AFM, special probe tips modified to a specific
interaction of interest (Medendorp 2011). They can also be coated with a layer of
polycrystalline diamond to reduce wear. AFM probe cantilevers may display two
different types of geometry, namely rectangular or V-shaped (Cappella and Dietler 1999).
Silicon and silicon nitride are also the usual materials that cantilevers are made of. The
ability to detect and control the deformation of the cantilever and hence, the force between
the tip and the sample, is due to the low force constant that cantilevers possess (Carpick
1997) (Morris et al. 2009). In most AFM systems, the cantilever deformation is detected
via the optical lever method. As illustrated in Figure 2.1, this method relies on the
measurement of the intensity of a laser beam reflected from the back of the cantilever and

re-directed onto a photodetector.

The photodetector can basically be considered as a position-sensitive photodiode
(PSPD). This is a semiconductor device, which converts the intensity of the received laser
beam into a voltage signal. As it can also be seen in Figure 2.1, the PSPD is normally
made of four sections. These sections provide the ability to detect both the vertical and
torsional deformations of the cantilever. In particular, based on the laser position on the
PSPD, the vertical deflection of the cantilever can be determined by the difference in
voltage output between the top two and bottom two sections (i.e. the (A+B)-(C+D) signal

indicated in Figure 2.1). In addition, changes in the (A+C)-(B+D) signal results from the
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Chapter Two Literature Review

voltage difference between the right side and left side of the PSPD and is due to the torsion
of the cantilever. This particular output is normally used to study the friction between the
tip and the surface. Thus, such a mode of operation is typically referred to as Friction
Force Microscopy (FFM) as indicated in Figure 2.1 (Morris et al. 2009; H. J. Butt et al.

2005; Leite and Herrmann 2005) and(Bhushan 2008).

The second main component of AFM systems are the actuators, which ensure
motions along the x, y and z directions with sub-micrometre resolution. These are most
commonly made of piezoelectric materials. Thus, such actuators rely on the reverse
piezoelectric effect. This means that their dimensions can change in response to an
applied voltage. The piezoelectric actuator that controls the vertical displacements of the
probe along the z-axis is normally integrated into the head of AFM systems in practice. It
is also often referred to as the “Z-scanner”. In Figure 2.1, the motions of the stage along
the x and y-axes are induced by a single piezoelectric tube. Such motions can also be

realised by two separate linear piezoelectric actuators, one for each axis.

Finally, a feedback mechanism is also required to control the interaction force
between the tip and the sample when the probe scans a surface. This is a software
component of AFM systems, which relies on a control loop algorithm. Essentially, the
principle of such a feedback loop is that it takes into account the signal from the PSPD as
an input and it determines the voltage to be supplied to the Z-scanner as an output. In this
way, the vertical position of the probe can be constantly adjusted during the scanning of

a sample surface.
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Figure 2.1 Illustration of the main components of an AFM system

(from Bhushan 2011)

2.3 AFM tip characterisation techniques

Depending on the intended AFM application, tips can be used for dimensional
metrology, material characterisation or manufacturing purposes. Degradation of the tip
condition may introduce important errors in the resulting outcome regardless of whether
the probe is utilised as a fabrication or metrology tool (Yan et al. 2016) (Ramirez-Aguilar
and Rowlen 1998) and (Velegol et al. 2003). A single tip may be employed numerous
times and scanned over a distance of millimeters to kilometers during its lifetime (Liu et
al. 2010). Thus, improving the durability of tips and a further understanding of processes
that lead to changes in tip geometry have become increasingly important for the research
community (Miller et al. 1995) (Liu et al. 2010). For these reasons, a number of specific
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techniques have been reported in the literature over the last 25 years for assessing the
geometry of the apex of AFM tips. In this thesis, such techniques are classified as either
as in-situ or ex-situ approaches. In particular, an in-situ method is defined as one, which
can be conducted on the AFM instrument itself, while an ex-situ technique requires the
probe to be physically removed from the AFM and observed using a different microscopy
instrument. The literature shows that there is a large variety of in-situ methods. These are
presented in the following section. The ex-situ methods essentially consist of various
electron microscopy techniques. Some selected examples of studies that employed such

ex-situ, electron microscopy techniques, are reported in the subsequent section.

2.3.1 In-situ techniques

The different in-situ techniques could be grouped into four main categories. First,
a number of studies have reported the utilisation of a special tip characteriser, which
consists of an array of sharp pins or asperities. The second approach groups studies, which
employed an alternative sample, which exhibits features that are not necessarily sharp but
with a geometry that could still be used to extract tip geometric information. The third
group of techniques relies on the processing of AFM scanned data using the mathematical
process of dilation and erosion and is normally referred to as the “blind tip estimation”
method. The fourth group of in-situ techniques is concerned with utilising an ultra-sharp
tip to characterise the probe tip under investigation. Finally, the fifth group of the category

relay on assessment of different wear metric.
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2.3.1.1 Scan of a tip characteriser made of sharp asperities

Many researchers have used a commercial tip characteriser to extract information
about the tip apex geometry. In particular, this is a test structure, which contains an array
of sharp asperities. An SEM micrograph of such a test structure is shown in Figure 2.2,
In practice, the tip to be assessed is scanned over the tip characteriser. Given that the
scanned asperities are much sharper than the tip, the data obtained represents the tip

geometry itself. This is due to the convolution effect, which is illustrated in Figure 2.3.

The main advantage of using such a tip characteriser is that it allows the acquisition
of three-dimensional (3D) data of the tip geometry. This approach is also referred to as
“inverse or reverse imaging” in the literature (Bloo et al. 1999) (Bykov et al. 1998) and
(Jacobs et al. 2016). The test structure used as the tip characteriser is normally made from
a high-resistivity silicon monocrystalline wafer. Generally, the height of the asperities is
around 400-700 nm while their radii are less than 10 nm as shown later on in Bloo et al.

(1999).

Figure 2.2 An SEM micrograph of a test structure containing an array of sharp asperities

(from Neto and Craig 2001)
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Figure 2.3 Schematic illustration of the convolution principle (adapted from Atamny
and Baiker 1995)

It is argued in several studies that most of the image artifacts obtained when using
scanning force microscopes (SFM) or AFM are related to the geometrical interaction
between the sample being scanned and the probe tip (see e.g. the review from Yacoot and
Koenders 2008). This is known as the “convolution effect”. Many research studies
explained the origin of this effect which is due to such tip-sample interaction and which
induces such artifacts (Schwarz et al. 1996) (Markiewicz and Goh 1995) (Odin et al.
1994) and (Montelius and Tegenfeldt 1993). In particular, the effect of this interaction on
the resulting AFM scan becomes important when a scanned feature has a surface slope,
afeature, larger than the slope of the tip face, atip, which is defined by its acute apex angle.
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This effect is also important when the radius of curvature of a scanned feature is similar
to or smaller than the radius of the tip (Yacoot and Koenders 2008). The convolution

effect is illustrated in Figure 2.4 in the situation where ofeature > atip.

It is generally accepted that when the scanned sample displays features, which are
much sharper or stepper than the tip, such as those present in a tip characteriser, then the
convolution effect is such that the obtained AFM image may be considered as an image
of the tip rather than of the sample (Keller 1991) (Skarman et al. 2000). The process of
exploiting this phenomenon for tip characterisation purpose is also known as the reverse,
inverse or self-imaging approach. In general, it is also worth noting that for AFM
practitioners, the understanding of the tip convolution effect, which due to tip-sample
interactions, is critical to realise which part of a scanned image displays the geometry of

the tip and which part shows the actual geometry of a scanned surface feature.

tip
surface

R

t

image
sample surface
surface
R

R

S

Figure 2.4 Illustration of the convolution effect when the slope of scanned feature is

larger than the tip apex angle.
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Bykov et al. 1998 were the first to report the application of a tip characteriser for
the assessment of the apex of AFM probes. These authors noted that scanning such sharp
asperities provided a procedure, which could be considered as a mirror transformation of
the real probe shape. In this way, the authors assessed different types of tips by comparing

their 3D geometry before and after contact-mode scanning experiments.

Soon after, Bloo et al. 1999 used the same principle to investigate both the
deformation and the wear rate of AFM tips in silicon nitride. The results obtained with
the tip characteriser were also validated by inspecting the tips with an SEM instrument.
The test structure used as the tip characteriser is illustrated in Figure 2.5. During the
experiments, the tips were deliberately subjected to wear for nearly an hour by scanning
them on a Si substrate with a contact force of 100 nN. Based on the obtained 3D AFM
data for a given tip, the volume loss was estimated by subtracting the volumes of the tip

before and after the wear experiment.
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Figure 2.5 (a) Schematic representation of the tip characteriser (b) cross section of the

obtained image due to the convolution effect (from Bloo et al. 1999)
This technique was also used by Neto and Craig 2001 to characterise colloid probes.
Such a probe consists of a tip-less cantilever to which a spherical particle is attached at

its free end. The authors scanned a commercial tip characteriser with such probes and
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implemented the reverse imaging principle to assess the tip radius, the surface roughness
and the profile of the probes, the authors recognised that the method was straightforward
and that no further instrument was required to extract the desired data. The tip radius
value of a scanned spherical particle was simply calculated from both the width and the

height of the imaged tip characteriser.

Maw et al. 2002 studied the wear of silicon nitride tips in aqueous solutions as a
function of both the applied force and the scanning time using a variety of substrates. For
each tip, the wear was assessed at different distances throughout the experiments until a
maximum sliding distance of 67.5mm. In this study, the authors also used a commercial
tip characteriser made of an array of sharp asperities, which were about 600 nm in height
and which had a tip radius less than 10 nm. By scanning the probes over the tip
characteriser before and after the wear experiments, it was possible for the authors to
compare the change in the tip shape as the example shown in Figure 2.6 illustrates. The
obtained AFM scans were subsequently analysed to evaluate the area at the end of worn

tips and also to determine the change in tip height as a result of wear.

(a) (b)

Figure 2.6 AFM image of (a) a unused AFM tip and (b) the same tip after wear (from
Maw et al. 2002)
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Overall, it was noted by researchers such as Odin et al. (1994), Montelius and Tegenfeldt
(1993) and Keller (1991) that tip characterisers with asperities which are sharper and
steeper than the probe tip are the most suitable objects for obtaining the most accurate
geometric information about the assessed tip apex. However, it should also be noted that
the tip radius of curvature measured from the obtained AFM image is equal to the sum of
both radii of the tip and the sharp asperity scanned (Keller 1991). For a given tip, it may
be reasonably assumed, as a first approximation, that the contribution from the sharp
asperity could be neglected if the radius of the asperity is an order of magnitude smaller

than that of the tip.

2.3.1.2 Scan of other specific features

In addition to sharp asperities, other types of features or nanoscale objects have
been used by researchers for the purpose of characterising the apex of AFM tips. These
represent various alternatives, which are also based on the reverse tip imaging or tip
convolution principle. These features includes nanoscale rectangular columns, flat top
protrusions with undercuts on the side walls, nanoscale ridge features, colloidal particles,
single-wall carbon nanotubes and circular depressions with vertical walls. Studies in

which such features were employed are now reported in this section.

Montelius and Tegenfeldt (1993) claimed to report the first study where the
implementation of the reverse AFM imaging principle was demonstrated in practice. To
achieve this, the authors scanned a VV-shaped SisNias tip over a specially fabricated sample
that exhibited an array of columns about 60 nm in width and 100 nm in height (see Figure
2.7(a)). These columns were fabricated using dry plasma etching on an InP substrate over

which metal particles acting as an etch mask had been previously deposited using an
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aerosol-based technique. As explained by the schematics reported in Figure 2.7(b), the
obtained AFM images displayed a small plateau on the top of the scanned features, which
did not correspond to the actual shape of the tip apex. This artifact was due to the fact that
widths of the top part of the columns were blunter that the tip apex of the SisNis probes.
Thus, it could be argued that this approach did not represent a suitable method for the

accurate data extraction of the shape of the tip apex.

&
/ image centour

10kV w 100nm x45,000

Figure 2.7 (a) SEM micrograph of the arrays of nano-scale columns used by Montelius

and Tegenfeld and (b) schematic representation of the observed tip-sample convolution

in the cases of a flat-top column and a column with a top having a parabolic shape (from
Montelius and Tegenfeldt 1993)

In the early nineties, Grigg and co-workers presented an in-situ method to
characterise AFM probes by scanning pillars exhibiting undercut side walls (Griffith et
al. 1991) and (Grigg et al. 1992). The general concept for extracting the tip shape when
employing such structures is illustrated in Figure 2.8(a). Using this method, the obtained
profile of the sidewalls reflects the shape of the tip apex as the probe scans the side of the

pillars. In order to implement this technique, a rather complex sample preparation process
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using special laboratory equipment must be followed. In addition, the width of a scanned
pillar must be known a priori and thus, measured using a different method, in order to
isolate, and subsequently reconstruct, the profile data, which correspond to the shape of
the tip apex. Some sources of error associated with this method may also result from the
quality of the pillars, specifically the pillars edge sharpness and pillars size uncertainty.
Indeed, the roughness on their top region could produce waviness on the edges of the
pillar leading to uncertainties when distinguishing data to be used for reconstructing the
tip profile from those that belong to the sample surface. These disadvantages make this

technique less suited for practical and accurate tip assessments.
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Figure 2.8 (a) Schematic diagram of the method implemented by Grigg et al. (1992) for
characterising AFM probe tips, (b) reconstructed shape of the tip after scanning two
opposing sidewalls and (c) corresponding SEM micrograph of the tip.(from Griffith et
al. 1991)
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The direct imaging approach has also been achieved by Atamny and Baiker (1995)
for characterising the apex of SisN4 AFM tips. These authors fabricated their own sharp
pin-like protrusions. These were present on copper films when deposited on quartz by
metal organic chemical vapour deposition (MOCVD) (see Figure 2.9(a)). These
structures exhibited side wall angles that were much steeper than the angle of the probe
tip. The lateral dimensions of these pin-like structures were 100 nm, while their height
was 300 nm. The authors also reported that the finite size of the top part of such
protrusions was about 30 nm, which was of a similar size to that of the inspected tip apex.
However, it was not clear to which specific geometric metric this dimension referred.
Figure 2.9(b) reports the image of the tip geometry obtained by these researchers.
However, similarly to the comment made earlier about the study from Montelius and
Tegenfeldt (1993), it is argued that when using this approach, the obtained tip profile

around the tip apex region is not imaged correctly due to the column blunted end.

2.1um

Figure 2.9 (a) SEM micrograph of the structure used by Atamny and Baiker and (b)
AFM image obtained following the scan of the tip across this pin-like protrusion (from
Atamny and Baiker 1995)

The same reverse imaging principle applied on a purposely-prepared sample was

also implemented by Bao and Li (1998). The sample fabricated by the authors consisted
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of spike-like crystallites features present on zinc oxide thin films, which had been coated
on glass slides by hydrothermal deposition. The radius of the apex of the spike-like
crystallites was reported to be less than 30 nm, while the aspect ratio of the spikes was
than 1:20. In this study, different types of AFM tips were investigated, namely a SisN4
tip, a broken ultra-sharp silicon tip and a non-contact silicon tip. The authors compared
the respective cross-section profiles of different tips based on the obtained AFM scans.
However, they did not compare the validity of these results against those which could be
acquired using another method such as electron microscopy. In spite of that, the authors
concluded that using ZnO crystallites as a sample for AFM tip characterisation was a
suitable approach. The authors claimed that a significant advantage of their approach is
that the method needed for fabricating the required sample does not require complex
chemical laboratory equipment. However, as noted in this study, this method does not
guarantee that all such spike-like protrusions could be oriented normal to the plane of the
substrate. This drawback is likely to result in uncertainties when analysing an AFM scan

as the analysis of the data should be conducted on the scan of a vertical spike.

A CeOz thin film grown on a Al>O3 substrate was utilised by Skarman et al. (2000)
to estimate the tip quality of four different Si probes that had been used in tapping mode,
I.e. intermittent contact mode. The authors considered this particular sample because the
surface of the thin film exhibits sharp crystalline ridges, which are near atomically sharp
with only up to three atoms missing at their apex. A high-resolution TEM (HRTEM)
instrument was also employed to record the exact geometric profile of these tips with
nanoscale resolution before and also after tapping mode imaging operations. Based on

the qualitative analysis of the AFM images obtained by scanning the different probes over
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the CeO2 thin film, the authors concluded that this type of substrate could be used

successfully to analyse the condition of AFM probe tips.

Iton et al. (2006) also prepared their own sample using semiconductor fabrication
techniques on a GaAs substrate. This sample consisted of parallel rectangular protrusions
with vertical walls while their widths had different values as shown in Figure 2.10(a). The
widths of the thinnest structures were measured to be less than 10 nm, while their top
surface displayed a rounded shape with a radius of curvature less than 5 nm. The AFM
profile obtained when scanning such thin protrusions with the tip of interest enabled the
self-imaging of the probe apex (see region C in Figure 2.10 (b) and the extracted profile
in Figure 2.10(c)). The protrusions with the larger widths could be used to assess the apex
angle of the tip as the gap between them was too small for the tip to access the bottom
surface of the substrate. This was done by relating the measured maximum depth of the
scanned AFM data between two such protrusions to the width between them, which was

a known quantity.

10nm G0nm 20nm (@)
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Figure 2.10 (a) SEM micrograph of the cross section of the sample produced by Iton
and co-workers; (b) average line profile obtained by scanning the sample with the probe
under investigation and (c) tip profile extracted from the AFM data when imaging the

thinner structures (from Iton et al. 2006)
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Vesenka et al. 1993 investigated the utilisation colloidal gold particles for
implementing the in-situ reverse imaging approach. The authors claimed that the
incompressible and spherical nature of such particles could be advantageous when
characterising the geometry of AFM tips. The particles used in this study had a nominal
diameter between 10 nm and 24 nm. Based on the heights and widths of the particles
measured by an AFM scan conducted with the tip under consideration, the radius of its
apex was calculated using a simple 2D geometric model. The radius data estimated in this
way was then compared against the radius value extracted from the profile of the tip
obtained with a TEM instrument. In particular, a sphere was superimposed on the TEM
data to evaluate the tip radius. The authors reported that a very good agreement was found
between the radius values measured with both techniques. Yet, the evaluation of the actual

shape of the probe tip is not straightforward.

In a subsequent study, Miller et al. 1995 also employed colloidal gold particles with
a diameter almost identical to those utilised by Vesenka et al. 1993. These authors
developed a mathematical model to reconstruct the three-dimensional geometry of the
probe shape based on the AFM scan of such particles. A comparison between the profile
of the reconstructed tip and that obtained from a TEM image of the same tip was presented
and a good agreement was found to within a few nanometers. The authors noted that
several experimental sources of errors could lead to inaccurate tip reconstruction, namely
the roundness of the colloidal gold particles and residual material surrounding the gold

particles as a result of the sample preparation procedure used.
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A similar type of substrate with colloidal particles was considered by Odin and co-
worker (Odin et al. 1994) to determine the tip apex radius of curvature and its cone angle.
In particular, the authors proposed to scan the probe under investigation over a monolayer
of rigid latex balls, which had a mean diameter of 176 nm. The analysis presented
assumed two possible types of tip geometry, namely a conical tip with a spherical apex
and a parabolic tip. It was argued in this study that such particles have the advantage of
displaying a well-defined topography and an acceptable degree of symmetry while being
considered low cost as their fabrication did not require complex preparation. It was also
pointed out by the authors that the obtained radius measurements are influenced by noise

errors caused by the quality of the tip and of the scanned image.

Wang and Chen (2007) acknowledged the theoretical benefit of using colloidal
particles for characterising the tip of an AFM probe. Indeed, due to their spherical nature,
the data processing does not depend on their orientation. However, they pointed out that
most colloidal particles utilised in the literature displayed relatively large diameters in
comparison with tip radius values, which could be less than 10 nm. This difference could
lead to erroneous estimation of the tip radius because relatively large colloidal particles
predominantly interact with the walls of a sharp tip rather than its apex. In addition,
Markiewicz and Goh (1995) highlighted that the inspection of tips using spheres could
be hindered by the fact that the AFM scanning process itself may result in displacing such

particles from the sample substrate and lead to their attachment on the surface of the tip.

Based on the limitation related to the size of colloidal particles in practice, Wang

and Chen (2007) proposed to employ single-wall carbon nanotubes (SWCNTS) instead.
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The authors claimed that the advantage of this approach lied in the fact that the cross
section of a SWCNT is circular, similarly to the cross section of a colloidal particle, while
at the same time, exhibiting a very small diameter, which was in the range 1 nm to 5 nm
in the reported study. Based on the AFM scan of a SWCNT, an example of which is
shown in Figure 2.11, a simple geometrical model was applied to relate the measured
width and height of the SWCNT to the radius of the tip. It should be noted that possible
limitations of the proposed method are that 1) the geometrical model used by the authors
to process the data assumed that the tip apex is perfectly spherical and 2) errors could
occur from the selection of the cross section on which to apply this model as it should be

chosen perfectly perpendicular to the axis of the SWCNT imaged.

Figure 2.11 (a) AFM image of a SWCNT obtained with a new Si tip and (b) AFM scan
of the same region of the SWCNT obtained after purposely blunting the tip (from Wang
and Chen 2007)

Substrates containing holes with side walls, which are steeper than the angle of the
tip and with an entrance diameter large enough for the tip to reach their bottom surface
have also been employed to characterise the apex of AFM probes. This approach was
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implemented by Glasby et al. 1994 who used samples made of polyethylene glycol
methacrylate copolymers, which displayed a wide range of hole dimensions on their
surfaces. The depths of these holes ranged from a few tens of nanometres to a few
micrometres in depth (see Figure 2.11). The radius of tips could be assessed from the
scanned data. The tip angle value was also evaluated by measuring the slope of the

scanned hole profiles.
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Figure 2.12 (a) Illustration of the origins of the self imaging of an AFM tip and (b) 5 um
by 5 um image of the surface of the scanned copolymer sample (from Glasby et al.
1994)

Markiewicz and Goh (1995) also used the concept of scanning a substrate with
circular depressions to characterise the tip apex. In particular, a commercial sample was
utilised in this study, which consisted of an array of holes with a diameter of 405 nm +
25 nm and a depth of 200 nm. This type of sample, which could be routinely fabricated

using semi-conductor fabrication techniques, would otherwise typically be used as a
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calibration grid for measuring the motions of piezoelectric actuators. The authors
developed a simple deconvolution algorithm to process the AFM data of the circular
depressions, which had been obtained by scanning the tip under investigation over this
calibration grid. The output of the algorithm, consisted in the 3D reconstruction of the tip
shape. Three different types of probes were tested in this study. Based on the obtained
results, it was noted by the authors that this approach could not be employed for tips with
a square pyramidal shape because the regions on the tip, which did not make contact with
the surface of the holes could not be reconstructed. In addition, an important source of
errors was due to the relatively large variability in the diameters of the scanned holes as
a result of the manufacturing process. For the particular sample used in this study, the
uncertainty associated with this dimension was 25 nm. This resulted in an error of up to
25 nm in the radius of the reconstructed tip. In spite of that, the authors recommended
that this approach could be suitable to perform a qualitative analysis of the condition of

the tip apex.

In comparison with imaging very sharp asperities, employing such alternative nano-
scale features or objects for tip characterisation generally require more complex post-
processing of the scanned data to extract accurate and relevant geometric data about the
tip apex. In addition, most of the approaches belonging to this group of techniques suffer
from poor control of the dimensions of the used samples during their fabrication. Also,
some of them have limited ability to extract the tip actual shape down to the nanometre

scale.
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2.3.1.3 Blind tip reconstruction method

Based on the AFM data acquired when scanning the tip under consideration over a
surface, the blind tip reconstruction (BTR) is a method that can be applied to reconstruct
a 3D image of the tip shape without previous knowledge of the geometry of the scanned
surface. The basic principle of the BTR approach, which was established by Villarrubia
(see Villarrubia, 1994 and Villarrubia, 1997) is that it allows the derivation of an outer
envelope that closely approximate parts of the tip that were in contact with the sample
surface during the scanning process. BTR also takes advantage of the convolution effect
that is present in AFM scans due to the finite size of the tip. The idea of this technique
can be seen in Figure (), more precisely in (a) where a sample surface, a tip and a
corresponding image are illustrated, the maximum points of the edge of the image are
labeled 1, 2, 3. In (b) two curve are shown (thick and thin black line labeled 1 and 2)
referring to regions of the image in the neighborhood of the maximum points 1 and 2.
These curves represent the outer bound on the tested tip. Therefore, this technique rule
out any tip larger than the intersection of the two independent derived tips. The shaded
area in (b) represents this intersection which could considered as a better estimation than

either curve taken alone. In (c), an improvement in the image could be seen when the maximum
point of curve labeled 3 is included. It was stated by (Dongmo) the following” the extension to
additional image maximum follows in similar method, the method is not restricted only to the
neighbourhood of the maximum. For each point on the image, even those that are not local

maximum, one can derive a corresponding outer bound on the tip”. Dongmo et al. (2000)

An experimental investigation was reported also by Dongmo et al. (2000) which

employed the blind tip reconstruction method to assess the shape of two diamond stylus

28| Page



Chapter Two Literature Review

profiler tips. The surface scanned by such tips was a commercial roughness calibration

specimen.
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Figure 2.13 illustration of the blind tip reconstruction method. Dongmo et al. (2000)

This specimen exhibited a roughness profile along one axis that did not vary along
the other axis, which was perpendicular to the first one. One of the tips investigated
displayed a relatively smooth shape while the other had a blunter and more complex
profile. When comparing the outcome of the BTR method and the profiles of the same tip
obtained by scanning electron microscopy, it was shown that a good agreement could be
found within about 600 nm from the apex. However, outside this range, the tip envelope

reconstructed with the BTR method was overestimated.
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Liu also used the BTR method, among others approaches, to investigate the wear
of AFM probes (Liu et al. 2010). In particular, four types of commercial probes were
scanned on the surface of an ultra-nanocrystalline diamond sample in contact mode and
solely under adhesion forces. The reconstructed BTR profile of each tips was compared
against their profiles obtained with TEM as shown Figure 2.14. Similarly to the
observations made in Dongmo et al. (2000), a good agreement was found between both
techniques only in the region close to the tip apex. In addition to the fact that the
application of the BTR method was observed to be restricted to a region close to the tip
apex, Wang and Chen (2007) pointed out that, in practice the accuracy of this method is

also very sensitive to noise and artefacts that can be present in the analysed AFM data.
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Figure 2.14 Comparison of the tip profiles measured by TEM and
blind tip reconstruction for (a) a SiNx-coated Si probe and (b) a blunter SiNXx tip (from
Liu et al. 2010)

2.3.1.4 Scan of the tip apex with an ultra-sharp tip

This technique requires the probe to be removed from the head of the AFM

instrument first. It is then located on the AFM stage with its tip facing up. In this way, its
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apex can be scanned using a sharper tip. Thus, using this technique, the tip to be
characterised becomes the sample. Khurshudov and Kato 1995 studied the wear of a SisN4
AFM tip having a nominal radius between 10 nm and 20 nm after scanning it over a
smooth Si surface with a small load of 10 nN. These authors showed that a probe of the
same type and geometry as the SisNs AFM tip could be used to provide a direct
observation of the tip geometry and thus, of the wear affecting it. It should be noted that
this study did not employ a sharper probe to characterise the tip to be inspected. A few
years later, the same authors investigated the possibility to use a micro-fabricated SizsN4
AFM tip to characterise the wear of an AFM diamond tip, which had a nominal radius
about three to four times larger (i.e. 65 nm) than the SisN4 tip (Khurshudov et al. 1997).
In this second study from these authors, it can be argued that they implemented the “ultra-

sharp tip scan” approach.

The same technique was also utilised by Zhao et al. (2001) to extract 3 dimensional
data of a diamond tip. In this case, the tip was scanned in contact mode by a SisNjs tip,
which had a nominal radius about three times smaller. These authors conducted their
study in the context of micro/nano machining of a polished single crystal silicon substrate
with the diamond tip. In this way, the characterisation of the wear could be performed at
different stages of the machining process. Gozen and Ozdoganlar (2013; 2014) also
employed the ultra-sharp tip scan approach. Their study was performed in the context of
realising so-called “nano-milling” operations. This is a particular process that the authors
developed in an earlier study (Gozen and Ozdoganlar, 2012). These machining operations
were conducted on single crystal silicon and performed using diamond AFM tips. These
tips were characterised through non-contact AFM scanning at various stages of the

experimentation using ultra-sharp conical tips. These measurements were used to
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determine the progression of the volume of removed material on the tips and the change

in the tip radius with increasing the nano-milling distance.

In a recent study conducted in the context of this PhD research, limitations of the
ultra-sharp tip scan approach were presented (Alraziqi et al. 2016). From a quantitative
point of view, it was found to be less accurate than the method relying on scanning a tip
characteriser with sharp asperities. From a practical aspect, this study also pointed out
that the ultra-sharp tip scan approach increased the likelihood of damaging the tip under
investigation as a result of the numerous probe handling cycles, which are required when
the tip apex is to be assessed. In addition, the process of precisely locating an ultra-sharp
probe over the inspected tip apex proved to be a non-trivial operation, which could also

lead to damaging contacts between both tips.

2.3.1.5 Estimation of a wear metric

Other in-situ approaches have been proposed, which rely on the assessment of
different wear metrics. The common aspect between these approaches is that they do not
lead to the direct extraction of geometric information from the tip. Instead, an indirect
wear metric, which is influenced by the degree of bluntness of the tip apex, is used to
evaluate the condition of an inspected AFM probe. The studies that fall in this category

are now presented below.

Gotsmann and Lantz (2008) performed such as an indirect assessment of sharp
silicon tips when sliding them on a polymer surface for loads comprised between 5 nN
and 100 nN and over large distances (i.e. up to 750 m). The geometry of a tip was

characterised at different stages of the sliding process through the completion of adhesion
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tests between the tip and the polymer sample. Given that an increase in adhesion
corresponds to an increase in the contact area between the tip and the substrate, measuring
the force required to pull the tip off the surface could be used as an indicator of wear. A
disadvantage of applying the method proposed by these authors is that a perfect flat punch
geometry was assumed to represent the shape of the tip in order to relate the value of the
pull-off force measured to its radius. However, in practice, the geometry of AFM tips

could be quite varied.

Cheng and co-workers developed an in-situ method, which relied on the use of an
acoustic transducer mounted on the top of the AFM tip (Cheng et al. 2011). Figure 2.15
illustrates the principle of this approach. The main idea behind it is to transmit and
monitor acoustic waves along the length of the tip at GHz frequencies. Detected shifts in
the resonance frequency value in comparison with the resonance value of an unworn tip
were used to indicate blunting of the apex. The authors showed that their method was
sensitive enough to allow the in-situ and non-contact monitoring of nanometre changes
in the dimension of the apex. However, in order to implement this approach, the drawback
is that the tip should be specially fabricated on a thin film piezoelectric membrane.

Therefore, standard commercial AFM probes cannot be used in this case.
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Figure 2.15 Schematic principle of the method proposed by Cheng and co-workers.
Various degree of tip bluntness correspond to an increase or a decrease in the resonance
frequency of the transmitted acoustic wave (from Cheng et al. 2011)

Huang et al. (2013) used two different approaches to study the effects of various
scanning parameters on tip wear during tapping mode AFM operations. The first
approach relied on the BTR method. This method was employed on AFM data obtained
when scanning the tip under investigation over a commercially available sample, which
displayed shallow but sharp nanostructures on its surface. Extracted BTR data were used
to estimate the diameter of the tips. The second approach employed a tip wear metric. In
particular, the arithmetical mean roughness, Ra, was also extracted from the AFM data
of the sample. In this case, the evolution of the calculated Ra values as a function of the
tip scanning time was considered as a tip wear index. A good correlation was found
between both approaches when comparing the evolution of the tip diameter to that of the
Ra values as a function of the scanning time. In particular, it was observed that the
increase of tip wear increased the tip diameter and hence, reduced the measured Ra value.
Accordingly, the authors suggested that the Ra metric could be employed as a suitable tip

wear index.
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Schmutz et al. (2010) introduced a technique, which aimed to evaluate changes in
the mass of the tip by measuring the change in the resonance frequency of the cantilever
(see Figure 2.16). To implement this approach, the authors employed colloid probes,
which consisted of small spheres a few micrometres in diameter attached to the tip. Based
on the results obtained after conducting wear tests on different combinations of probe and
sample materials, it was concluded that the technique was able to detect the increase or
decrease of the tip mass down to some picograms. The authors also claimed that the
developed technique was at least as precise as a SEM measurements of the tip shape.

Generally, an important limitation associated with the assessment of a wear metric
is that it is generally not possible to derive geometric information about the real shape of

the tip from the measured physical quantity.
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Figure 2.16 Basic principle of the wear measurement procedure introduced by Schmutz
and co-workers (a) wear of a colloidal probe and (b) graph showing the linear
relationship between the resonnance frequency shift and the worn mass for four

different types of cantilevers (from Schmutz et al. 2010)
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2.3.2 Ex-situ techniques

The different approaches in this category include scanning electron microscopy
(SEM), transmission electron microscopy (TEM), Scanning TEM (STEM) or High-
Resolution TEM (HRTEM). From the literature, it is clear that numerous studies used one
or several of these electron microscopy techniques to assess the geometry of AFM tips.
Thus, only a few examples of the application of electron microscopy for the purpose of

AFM tip characterisation are reported here.

Lantz and co-workers used STEM to image different types of probes (Lantz et al.
1998). In particular, the overall objective of this study was to investigate the reliability of
semiconductor and metal coated tips when performing conducting AFM experiments. In
this context, STEM was used as a tool to assess the tip wear and thus, to support the
interpretation of the obtained conductivity data following the AFM experiments. The
tested tips were only imaged after the AFM experiments to avoid contamination during
the STEM imaging process. It is also worth noting that the authors reported damaging

some of the used tips when removing them from the AFM probe holder.

Electron microscopy is also often used following tip sliding tests for investigating
the wear process of AFM probes. For example, Chung and Kim analysed the wear of Si
and Si3Na tips by observing changes in their geometry from SEM images (Chung and
Kim, 2003). The SEM micrographs were obtained before and after sliding tests realised
on different substrate materials for a range of applied loads between 10 nN and 800 nN.
Bhaskaran et al. (2010) used both SEM and TEM data to characterise the geometry of
ultra-sharp tips made of diamond-like carbon with silicon before and after sliding tests.

In this way, tip wear volume values could be estimated as a function of the sliding distance
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on a SiO2 substrate for applied loads, which were less than 20 nN. Such small loads are

typically applied during AFM imaging in contact mode.

A HRTEM instrument was utilised by Chung et al. to study the nano-scale wear
mechanisms affecting silicon tips when sliding them on diamond-like carbon and silicon
substrates for applied loads comprised between 10 nN and 100 nN (Chung et al. 2005).
In addition to the sliding tests, tip damage was also assessed as a result of the typical tip
AFM approach process. Liu et al. (2010) reported the utilisation of a TEM instrument to
study the nano-scale wear of four types of commercially available AFM tips (i.e. a single
crystalline Si tip, a SiNx—coated Si tip, a sharpened SiNx tip and an unsharpened SiNx
tip). In this study, the wear tests consisted in scanning the tips on an ultra-nanocrystalline
diamond (UNCD) sample surface in contact mode under adhesion forces alone, It was
argued by Seah that determining the tip boundary using TEM could be problematic (Seah,
2004). A large scattering was found during the measurement of the thickness of thin SiO»
/Si films via different instrument used by different users. This implies that the detection
of the silicon probe tip profile where the thickness is very thin could lead to erroneous
results. In addition to that, the evaluation of the diameter of nanoparticles using TEM by
different users has been shown to lead to a large range of values (Wang et al. 2005; Yacoot

and Koenders 2008).

Jacobs reported the design, fabrication and testing of a new fixturing device to help
with the handling of AFM probes when these are observed with a TEM instrument
(Jacobs et al. 2016). The motivation for this research was to overcome issues associated
with conventional probe mounting methods for electron microscopy. In particular, such

traditional approaches were identified to lead to (1) the inability to reproduce the
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alignment between subsequent probe mountings, (2) the possible contamination of tips
due to fixation methods such as the usage of carbon tape in some cases and (3) time and

material wasting due to low throughput and tip breakage.

e Electron microscopy is also often utilised in tip wear studies as a method to test
the validity of alternative in-situ tip assessment techniques. It is argued that the main
advantages of this direct approach are that (1) it does not require bringing the tip in contact
with any sample surface (Jacobs et al. 2016); (2) it is relatively straight forward to
implement (Keller and Franke 1993; Wilson et al. 1995); (3) in addition to geometric
data, qualitative information can also be obtained such as contamination and degradation
of tip coatings (Lantz et al. 1998). On the other hand, the main drawbacks of electron
microscopy for characterising AFM probes are that
(1) Only two-dimensional (2D) geometry data of the tip apex can be obtained (i.e.
only the projected shape of the tip) (De Rose and Revel 1997); For extracting
3D data information, the tip imaging process must be implemented for more
than one perspective, indeed that may lead to increase the probability to
contaminate or break the tip.
(2) It can be a time-consuming process and may lead to probe contamination and
damage in practice as the probe should be removed from the AFM instrument
(Lantz et al. 1998);

(3) It is not suitable for non-conductive tip materials such as SisN4 (Atamny and
Baiker 1995; Bao and Li 1998) and

(4) The assessment of SEM data is generally considered not fully accurate
(Cleveland et al. 1993). First, this is due to insufficient data resolution if details
down to the nanometre level are required. SEM creates an image of the probe
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tip region via scanning the surface by a high energy beam of electrons. From
this image the profile of the tip can be extracted. Thus, the second reason
associated with the limitation in the resulting accuracy could be due to various
factors, such as electron beam size, focus, charging beam effect and beam
sample interaction and repeatability issues when extracting tip edge from the
post processing of SEM micrographs, especially at the nano-scale (Cleveland et
al. 1993). Finally, another essential issue with electron microscopy, which has
been highlighted by other researchers, is that tip data of tip apexes obtained by
both SEM and TEM need to be tilted by a specific angle to achieve an accurate
profile reconstruction. This is required to take into the cantilever inclination
with the sample surface when the probe is mounted in the head of an AFM

instrument (Liu et al. 2010; Miller et al. 1995).

2.4 Summary and identified knowledge gaps

In this chapter, the operating principle of an AFM device was introduced first. Then,
based on the body of literature reported by previous researchers, a review of two major
types of assessment for characterising AFM probe tips was completed. A brief summary
of the main limitations of the different techniques is presented below. This is followed by
the description of a number of knowledge gaps, which are identified as the outcome of

this review. These knowledge gaps constitute the particular focus of this PhD research.

As reported in this chapter, a number of key issues are faced by researchers when
investigating the real shape of the used tip. Currently, most of the presented approaches
introduced in the literature depend on the traditional ex-situ measurement of the tip of an

AFM probe through the utilisation of electron microscopy systems. As mentioned in the
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previous section, these approaches have a number of limitations for assessing the

geometry such tips. The most important ones could be briefly summarised as:

o Tip inspection with electron microscopy systems is a slow and time-consuming
process.

o Such instruments are limited to providing only 2D data about the tip shape.

o Most reports of implementing this approach do not take into account the fact that

when mounted in an AFM device, probes are always oriented at an inclination angle with
respect to the surface of a specimen. In other words, this means that the cantilever of an
AFM probe is not parallel to the sample surface. This inclination was reported by Liu et
al. 2010 to be an important factor to be taken into account to evaluate the actual shape of

the probe tip effectively, especially for non-axisymmetric tips.

Other researchers tried to extract information about the tip geometry or tip condition via
alternative in-situ methods as reported previously. In the table below a list of advantage
and disadvantage of the summarised technique in this chapter to identify the need for new

approach to charatrise the AFM probe tip

Overall, a number of specific difficulties are associated with each of these

approaches. These could include:

o Additional cost for special sample preparation,

o Frequent assessments of the reference sample to ensure its integrity,
o Time-consuming procedure,

o The reliance on uncommon and non-commercial probes,

o The lack of any geometry-related metric output.
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In this context, it can be said that despite the extensive research efforts that focussed
on the characterisation of AFM tips, it is still an area open for further studies. In particular,
it is of current scientific interest to propose and investigate new in-situ tip characterisation
techniques, which are simple, fast, reliable and repeatable, i.e. without the risk of
damaging the apex of an AFM probe. As will be described in details in Chapter 3, it could
be possible to use data obtained from completing nano-indentation experiments, with the
probe under investigation, for extracting useful information about the shape of its tip apex.
To the best of our knowledge, no previous studies have reported this express analysis that

study the validity of employing nano-indentation data for this purpose.
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Table 2.1: Summary of the technique used to characterise AFM probe tip

Glasby et al.
(1994).
Markiewicz and
Goh (1995).

Technique References Advantages Disadvantages
Insitu techniques
The convolution
principle  depends
on the sharpness of
the pin-like
structure with
respect to the
investigated AFM
e 3 D data is tip.
Scan of tip 5|y(k1%V98) et obtained. Because of the
characteriser BI. 00 et ai (1999) e Quasi in-situ convolution effect,
made__of sharp Neto an d Crai. (sample need to in some cases it
asperities (2001) g be changed only). necessary to _know
Mawe;t al (2002) o Relatively quick. the exact radius of
' ' the sharp asperity of
the scan is the sum
of both.
Relative checking is
required due to the
fact that the sharp
pin used may be
broke from previous
use.
Montelliius and More Complex
Tegenfeld sample  required
(1993). (special lab
Grigg et required).
al.(1992). Time consuming
Atamny and More complex post
Baiker (1995). e Simple. processing of the
Bao and Lije 3D data scanned data to
(1998). considered extract the required
Skarman et al. possible  with geometry data.
Scan of other (2000). sharp peaks. Most  of  these
Specific Features Iton et al.(2006). | ¢ Quasi  (In-situ) technique  suffer
Vesenka et (doesn't need to from poor control of
al.(1993). take out the tip the dimension of the
Miller et al. from AFM). used
(1995). sample during
Odin et al.(1994). the fabrication.
Wang and Chen Some of these
(2007). technique have

limited ability to
extract the tip actual
shape down to
nanometre scale.
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Blind tip
reconstruction
method

Dongmo et al.
(2000).
Liu et al. (2010).
Wang and Chen
(2007).

Quasi in-situ
(sample need to
be changed only).
3D data is
obtained.

Limited portion of

the (tip apex)
Sensitive to
selection input of
parameters.

Sensitive to high
frequency noise in
the input data.

Scan of tip apex
with an ultra-
sharp tip

Khurshudov and

Kato (1995).
Kurshudov et al.
(1997).

Zhao et al
(2001).

Gozan and
Ozdoganlar
(2012).

Can be done on
the same AFM
equipment.
3D data is
obtained.

Handling of tips
(prone the tip to be
damage).

Skilful operator
required for the scan
itself.

Dependent on the
sharpness of ultra-
sharp tip  used
(convolution effect)

Estimation of a
wear metric

Gotsmann  and
Lantz (2008).
Chen et al.

(2011).

Huang et
al.(2013).
Schmutz et
al.(2010).

In-situ.
No contact with
other materials /
devices.

Require  specially
micro-fabricated
tips which increases
their cost

Lack of 3D data as
output

Exsitu
technique

Electron
microscopy
SEM/TEM/STEM
HRTEM

Lantz et al.
(1998).
Chung and kim
(2003).
Chung et
al.(2005).
Liu et al. (2010).
Jacobs et al.
(2016).

Relatively large
portion of the tip
(Inspection of the
apex and the
unworn sides).
HRTEM: Atomic
resolution
enabling lattice
structure to be
observed.
Ability to
observe different
materials which
is useful for
observing the
wear of coated
tips and also
accumulation of
debris of the tips.

Only 2D data
obtained.

Time consuming.
Handling of tips
(possibility of tip
damage).

Not in-situ (probe
under investigation
need to be remove
from the AFM).
Derived wear
volume may not
accurate.  Because
SEM images are
only 2D.
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Chapter Three Theoretical fundamentals for express analysis of
current bluntness of an AFM tip

3.1 Aim and objective

As it has been explained in the previous chapters, the probe bluntness is one of the
crucial parameters that may affect the Atomic Force Microscope tip-based
nanomachining. It is clear that the real sharp tips of nanoindenter and AFM probes have
deviation from their nominal shapes that are often described as sharp cones. In addition,
the indenters used in nano-tests are not axisymmetric, but 3D pyramidal indenters. It is
presented here the further application of depth-sensing nanoindentation techniques,
however the main object of the investigation is the bluntness of an AFM probe rather than
the bluntness of a traditional indenter.

Hence, there is a need in proper estimations of the current bluntness of the probe
tip and in the use of appropriate quantitative measures of the tip bluntness. It is suggested

(i) to approximate the current shape of the probe in its working position as a
non-axisymmetric power-law function of degree d;

(i) to use the exponent of the power-law function as the quantitative measure
of the degree of the tip bluntness.

It is argued that the results derived for vertical indentation of probes into materials
are applicable to problems of indentation by an AFM probe because the lateral
displacements of the tip are negligible. Contact problems for indenters of power-law
shape are self-similar, one can employ the Borodich scaling approach and the
corresponding formulae that are applicable to 3D contact problems (Borodich 1989;
Borodich 1993; Borodich 2011; Borodich 2014). The theoretical fundamentals of the

method developed for express analysis of bluntness of AFM probes are provided. It is
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argued, that the bluntness parameter can be extracted from an express depth-sensing

indentation of the probe tip into a soft elastic sample.

The method for express analysis of the current bluntness of an AFM tip is based on
a combination of depth-sensing nanoindentation and theoretical formulas of contact
theory. Some appropriate information about the depth-sensing nanoindentation

techniques and the methods of contact mechanics is provided in this Chapter.

3.2 Depth-sensing nanoindentation

In the last fifty years, instrumented indentation which is capable of probing in the
nanometre scale, i.e. nanoindentation, has considered as an essential technique for
characterizing mechanical behaviour of materials at small length scales. As Borodich
noted in his reviews (Borodich 2011; Borodich 2014), the introduction of the continuous
monitoring of the displacement of the indenter using electronic devices was perhaps the
most important step in the development of modern materials science. Indeed, the modern
load — displacement (P —& orP — h) diagrams obtained by the depth-sensing
indentation technique, are often called the ‘finger-prints’ of materials (see Figure 3.1).
Here we denote the load by P, while the letter & is usually employed in the papers on
contact mechanics and the mechanics of adhesive contact to denote the depth of
indentation of the indenter, while the materials science community uses mainly the letter

h to denote the same variable.
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Loading

Load (P)

Unloading

e hf —

Displacement (h)

Figure 3.1: Schematic of typical indentation load — displacement data (adopted
from (Borodich et al. 2003)). Here several important parameters used in the

BASh formula and the Oliver and Pharr analysis are described later on.

The first depth-sensing indenter was built by Gennady N. Kalei in 1966 and the
techniques used were described in his PhD thesis prepared under the supervision of M.M.
Khrushchov and in his paper (Kalei 1968). Originally, Kalei combined a standard
microhardness tester PMT-3 introduced by Khrushchov and Berkovich, and a device
whose two sensors could be used for recording of two diagrams: the depth of indentation
h(t) and the load P(t) as functions of time t. Then Kalei obtained the depth of indentation
as the function of the load by superimposing manually these records in order to obtain
P — h diagram. Kalei was able to record a diagram of indentation of a chromium film of

1 zm thickness when the maximum depth of indentation was just 150 nm. Thus, (Kalei

1968) published the first depth-sensing nanoindentation paper.
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The Kalei depth-sensing indentation technique was developed very rapidly. For
several years, these revolutionary techniques were known only in the former Soviet
Union. However, soon these techniques became known worldwide. In 1982 Newey D.,
et al. (1982) built a nanoindentation machine; and in 1983 Pethica reported that they
monitored indentations to depths as low as 20 nm (Pethica et al. 1983). Recent studies
have used indentation in a variety of environments including in liquid, high and low
temperature and high strain rate testing (Bushby et al. 2004; Thomas et al. 2006; Mayo
1997; Vanlandingham et al. 1997; Shen et al. 2000; Ho and Marcolongo 2005). Modern
sensors can accurately monitor the load and the depth of the indentation in the micro-
Newton and nanometre scale, respectively. Nanoindentation system has thus gained

enormous popularity as they can be applied to nanoscale specimens.

3.2.1 The BASh (Bulychev-Alekhin-Shorshorov) formula

The crucial step in the development of the depth-sensing nanoindentation
techniques was the derivation of the BASH (Bulychev-Alekhin-Shorshorov) formula and
was published in several papers with their co-workers (Bulychev, et al.1975; Bulychev,
et al.1976). Bulychev and co-worker’s presented the elastic contact solution to unloading
curve of the load-displacement diagram by assuming that after the plastic deformation the
non- homogeneity of the remained stress in the sample may be neglected, see a discussion
by Borodich (2014). The BASh-equation presented for stiffness S of the upper portion of
indentation load — displacement diagram at unloading is the following (Bulychev, 1975;

Shorshorov et al. 1981):

E* (3-1)
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Here P = external load, h is indentation depth of the tip, A is the contact area, a is
the radius of the contact region, and E* is the reduced elastic contact modulus. This

modulus can be obtained from the following formula:

1 1-v?  1-v3

S =Thy TR (3-3)

E* Eq E,

Here E; and v; (i =1, 2) are the reduced elastic contact modulus and the Poisson
ratio of the first and second solids respectively. It is important to note that BASh relation
is an essential relation which can be calculated from the analysis of frictionless contact
problems. Also, BASh relation is a valid formula only for a frictionless elastic contact.
Noted that BASh relation is valid just for the case of frictionless elastic contact, while the
contact problems with friction are more complicated. The last kind of problem were

discussed by Borodich and Keer (Borodich and Keer 2004).

3.3 Shape of the nanoindenter probe tip

Usually, the shape of the nanoindenter is described using the approach introduced
by Hertz, see for details (Borodich 2014). Let us use both the Cartesian and the cylindrical
coordinate frames, namely, xi=x, x2 =y, xs=zand r, ¢, z, where r = \/x2 + yZandx =
r cos @,y = rsin . Let us place the origin O of the Cartesian x;, x5, x3 and x;, x,,
x5 coordinates at the point of initial contact between two bodies, and the axes of x3 and

x3 are directed along normal to the two bodies drawn toward the inside of each of the

solids.
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3.3.1. Hertz approximation and General description of the indenter shapes

Let us assume that axis x; and axis x. are the same for both bodies. The equations

of the surfaces of the solids before compression are:

z1 = i, y), 2, = —f2(x,y) (3-4)

Let us now consider two surface points situated on the same vertical line A and
A, of the upper and the lower solids respectively, i.e. the points have the same
coordinates (X, y). If A and A, coalesce after compression then following the Hertz
assumption one does not consider the lateral displacements in Xand Y directions. These
points had coordinates z, and z, before compression. Let us denote by wi the elastic

displacement of the point A and by w- the displacement of the point A, .

We will also use alternative notations, namely let us denote the quantities referring
to the body (probe) x3 = 0 by a superscript plus sign, and those referring to the second
body (sample) by a superscript minus sign. Then the surfaces are described by the shape
functions f + and f —, respectively, where the common tangent plane at O is taken as the
X1, X2 plane. In addition, we have w; = w* and w, = w™. Since the coordinates of the

points become the same after the contact, we have:

wh=h* = fr (%), wT =h" = f7(x1,x7) (3-9)
Or

w=h—f(x,%) (3-6)
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where w=w*+w~, h=h*+h™, and f=f*+f".

In addition, the normal pressure P applied to the first solid within the contact region

G is equal to the normal pressure applied to the second solid within G.

Let us explain why Hertz (1882) described the general shape of a 3D body as an
elliptic paraboloid (Hertz. 1882). It follows from the formulation of the problem that f (0,
0) = 0. It is also known that the first derivatives of a smooth function at a maximum or a
minimum are zero. If a decomposition of f + and f — into a Taylor series is not

degenerative for second terms, then the truncated decomposition can be written as:
zt = (A*x? + BYx% + 2C*x'x?),z7 = (A" x} + B~x3 + 2C x'x?) (3-7)
where A+, B+, and C+ are constants of the decompositions.

Hertz showed that the contact region for contacting solids whose shape is described

by equation (3-4) can be described by:
zt +z~ = Ax?* + By?= const. (3-8)
and the contact region is an ellipse.

Hertz (1882) assumed that the size of the contact region is small in comparison with
the radii of curvature of contacting solids and therefore the linearized boundary-value
problem (BVP) for each of the solids can be formulated as a BVP for an elastic half-space
(Hertz 1882). Hertz assumed that the shape of a punch can be described by the equation.
(3-8), i.e. it is an elliptic paraboloid

z = —f(x1,%;) = —(Ax{ + Bx3) (3-9)

and he proved that the contact region is an ellipse.
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3.3.2. Quantitative measure of the tip bluntness

The above discussion has shown that usually contact problems are studied for
axisymmetric indenters. Indeed, there is an exact solution to the elastic Hertz-type contact
problem for an arbitrary indenter of revolution obtained by Galin (1946)see also (Galin
1953; Galin 2008). For axisymmetric paraboloid of degree, z = —B,r¢, Galin (1946)

provided explicit formulae

d d
E g @ g ghq g a—2 TG 4 )
102 d e 2 rd a , h= deZ rd a (3 10)

P =
where I is the Euler gamma function and a is the radius of the contact region.

Galin’s solution includes all classic axisymmetric frictionless contact problems,
namely d=2 corresponds to sphere (paraboloid of revolution) solved by Hertz (1882),
d=co corresponds to flat-ended punch solved by Boussinesq (1885), d=1 corresponds to
cone solved by Love (1939), and d=2n corresponds to monomial punch of integer even
degree solved by Shtaerman (1939).

On the other hand, Galanov (1981a,b) and Borodich (1983, 1989) studied contact
problems for non-axisymmetric 3D indenters whose shape is described as a homogeneous
function of degree d. This statement means that the shape function of the indenter f
identically equals h;, where h; satisfies the following equation h;(Ax;,Ax,) =
A%h4 (x4, x,) for an arbitrary positive scaling parameter 4. Here d is the degree of the

homogeneous function f. It is possible to show that, d=2 for the elliptic paraboloids and

spheres considered by Hertz and d=1 for pyramidal and conical indenters.

Indenters of various shapes are used in modern Materials Science. These include

spherical, conical indenters as well as the Vickers four-sided pyramid, Berkovich and
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cube-corner three-sided pyramids, and other indenters. Some indenters have special
shapes like the Rockwell indenters having a sphere-conical shape. It is clear that the real
sharp tips of nanoindenter and AFM probes have a deviation from their nominal shapes
that are often described as sharp cones. In addition, the indenters used in nano-tests are
not axisymmetric, but 3D pyramidal indenters.

We suggest to describe the indenter shapes as non-axisymmetric power-law

functions. This means, that in polar coordinatesr, &, the indenter shape can be described

by a monomial function of radius:

7 = By(0)re (3-11)

where x; = r cos 8, x, = rsin 8 and B;(0) is a function of the indenter heights at
r =1. The idea to approximate the indenter shape by a power-law function is not new
(see a discussion by Borodich (Borodich 1989; Borodich 1993; Borodich 2014) and

Borodich et al. (2003).

Of course, the above approximation (3-11) is related only to the working part of the
indenter. This means that if the tip of an AFM probe used in nanomachining of a surface
does not go deeper than 50 nm then the approximation (3-11) is used only to the part of
the tip under the cross-section at the height 50 nm. If we are speaking about a
nanoindenter that can indent the surface up to 100 nm then this approximation has to be
applied to the part of the nanoindenter tip under the cross-section at the height 100 nm.

Let us explain connections between power-law functions and homogeneous
functions. Indeed, it follows from the definition of homogeneous functions that

hg(x1,%x3) = 7%z (Axy, Ax,) = A~ %hy(Arcos 8, Arsing) (3-12)

If we take 2 = r~1 then we get that
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where
B;(6) = hy(cos8,sinH) (3-14)
Thus, it is the same to say that the indenter shapes is described by power-law
function of power d or the shape of the indenter is described by a homogeneous function
of degree, d. It will be assumed in the further analysis that the indenter tip can be
described by (3-11). It is shown in Figure 3.2 the shape of a parabola z = f(r) = r¢

(power-law function of degree d) changes when d increases.

1 d=1

v

Figure 3.2: The shapes of power-law functions of degree.

It follows from (3-14) that if we describe them as z(r, 8) = B,4(8) r® then B, (8)is
not constant. In fact, B(68)describes the height of the indenter at a point (6, r) on a circle

r=1.
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3.3.3 Shapes of indenters used in Materials Science

Let us describe the 3D geometry of a three-sided Berkovich and cube corner
pyramidal indenters. The Berkovich indenter Figure 3.3 has an angle of 65.3° (115.13°
corresponding face angle), while the cube corner indenter (90° face angle) has an angle
of 35.26°.

The horizontal cross-sections of both indenters are equilateral triangles. However,
if we describe them as x; = B(60) then B(6) is not constant. In fact, B(6) describes the

height of the indenter at a point (6, r) on a circle r=1.

tan 65.3°

This formula Bg(8) = tan [90° —arctan (sin(300+9

)] may be used in the
calculation to get the values for cube-corner indenter. It assumed to substitute the
respective angle 35.26° instead of 65.3°. This coefficient c could obtained directly as the
ratio of tangents of angles in vertical cross-sections ¢ = tan65.3°/tan35.26° = 3.075. So,

the values of B.(6)for the cube-corner indenter could obtained from the values for

B.(6)
Bgp(6)

Berkovich indenter Bg(6)with = = 3.075 . For a sharper three sided pyramidal

indenter, e.g. with an angle of 28.98° (80° corresponding face angle), this coefficient

Isc = tan 65.3°/ tan28.98° = 3.93.
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65.3°
77.05°

Figure. 3.3: Berkovich indenter geometry (after Borodich et al. 2003)

The contact problems for 3D indenters are very difficult or the solution has not been
obtained yet. Hence, instead of considering the original 3D shape of the indenter, an
effective equivalent cone of revolution is usually considered. It was suggested also to take
into account the non-ideal shape of the indenters by the use of equivalent cones connected

with spheres or power-law functions of revolution see, e.g., (Lo, R. Y. and Bogy 1999).

One of the main results of this Chapter is the introduction of the quantitative
measure of the degree of the tip bluntness, namely the exponent of the shape power-law
function. Hence, we need provide a theoretical background and method for fast and
reliable extraction of this quantitative measure for the AFM tips in their working

positions.
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3.4 The shape of an AFM probe tip in its working position

Let us describe the actual shape of the AFM probe tip in its working position shown
as in Figure 3.4. It is a general fact that AFM cantilevers are mounted in the AFM head
with some initial inclined angle (a < 12°) from the horizontal axis x (Hutter 2005; Heim
et al. 2004; Al-Musawi et al. 2016). Let a represent the inclined angle of the cantilever
as it has been mounted in the AFM head before the test and let ¢ represent the total

inclined angle of the AFM cantilever under the maximum applied load.

We argue that during the shallow nanoindentation test this inclined angle will stay
the same. More specifically, during the nanoindentation test ¢ = a. More theoretical

approval regarding this could be found in Chapter 4.

As illustrated in Figure 3.4, once the probe tip is placed in the AFM head, the
inclination angle should be taken into account to locate the new centre point of apex
coordinate. Then, the new centre point of the tip apex become C rather than Cyat the
vertical position. After applying a low load for the purpose of shallow nanoindentation
test, the tip apex centre point become now C'due to elastic deflection of the cantilever.
This deflection supposed to cause a reduction in the inclination from a to ¢.

Thus, in order to estimate correctly the value of Apwe need to use the following

equation:
PmaxL2
PmaxL3
hmax = 2] (3'16)

Where here A represents the shifting in the inclination from the initial value ¢,

Prax 1S the maximum normal load applied, L is length of the cantilever, E is the elastic
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contact modulus of the cantilever material, I is the moment of inertia of the cantilever
cross section and h,,,, IS the maximum depth.
For shallow nanoindentation we assume that the maximum nanoindentation depth

hnaxinside the sample surface h,,4, = 50. So, using (3-15), (3-16) we could obtain:

__ 3Elhmgx L?
E 2E1

Ap (3-17)

Ap = 2 Dmax (3-18)

2 L

If we assumed L =~ 100 um (DCP10 from NT-MDT) then we can found the value
of Ap = 0.00075 rad = 0.043" which could consider as negligible. So, for this case to
identify the related shifting distance X between Cand C’ we can use the following

equation:
X = h..SinAg (3-19)

If we assumed h;~ 10 pm then the approximated value of the shifting distance X =
7.5 nm. Thus, this shift is considered very small and we can employ now the rescaling formulae

developed for the case of regular indenter to the AFM probe tips when indent into soft elastic

materials.

Usually, at the vertical position when @ = 0 as in the tip shape could described by
a monomial function of radius z = B,(0) r%. We argue here that the probe tip apex at the
working position when the new centre of apex is C'could also be describe as this equation
z; = B4(0)r% (as illustrated in Figure 3.4). For non-axisymmetric tip it is clear that d,
(approximation of the tip bluntness at the maximum depth) is not equal to d of the same
tip at the vertical position. Indeed, during the assessment procedure the depth of the

nanoindentation does not exceed 50 nm and so it clear that only the apex region is under
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investigation. For simplicity, the notation d will be used instead of d1 for the remainder
of this Thesis to express the bluntness of tips in their working position, i.e. when
conducting experiments on the AFM device with inclined tips. However, it will be made
clear when needed whether the degree of bluntness measured experimentally corresponds

to the vertical or the inclined case.

hf'\-
L1
\
|}
\
\
\ -
A . Ll
J .
1 =
max N _ T A
—
C
— €
X

Figure. 3.4: AFM cantilever during the procedure of shallow
nanoindentation. where C, represent tip apex centre at working position

and C'tip apex centre at the maximum depth.
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3.5 Contact problems and nanoindentation

3.5.1 Theoretical analysis of contact problems related to depth-sensing
nanoindentation

In addition to the above described BASh formula, there were many other studies on
contact problems related to nanoindentation. Let us mention very important results
obtained by Galanov and his co-workers on connections between contact mechanics and

indentation tests.

In 1983 Galanov published a paper describing influence of lateral displacements
that are neglected in the Hertz formulation of contact problems. The Hertz formulation
cases incompatibility of the problem, namely, the solution to a problem in Hertz
formulation leads to existence of very small fictitious penetration of the elastic half-space
into the rigid indenter. Galanov introduced a more precise formulation of the contact
problem than the Hertz contact theory and considered not only vertical but also lateral
displacements of materials points (Galanov 1983). It was shown that within the
framework of this formulation, one can substantially reduce the incompatibility of strains
that are observed near the contact zone within the customary formulation. In the problem
with Galanov’s formulation, the penetration of the elastic half-space into the die is
virtually absent. The effects of lateral displacements were discussed later in a number of

papers (see, e.g.(Schwarzer. 2006;Kindrachuk et al. 2009)).

The Hertz formulation of the contact problem is geometrically linear, i.e. it is
assumed that all boundary conditions are formulated on the boundary of an elastic half-
space. However, often there are quite large plastic distortions of the specimen surface

after indentation. Therefore, formally one cannot use the geometrically linear formulation
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of the contact problem. Galanov was the first who showed that one can still use the
geometrically linear formulation of the problem at unloading if one considers the actual
distance between the indenter surface and the plastically distorted specimen surface. This
is the so-called Galanov effect that has to be taken into account for an unloading if after
indentation there are large plastic distortions of the specimen surface. In particular
Galanov and his co-workers presented models that take into account the plastic
deformations of the material surface formed during indentation of pyramidal (Galanov et
al. 1983), conical and spherical indenters (Galanov et al. 1984). These models are based
on experimental observations of the shapes of imprints formed in metal samples by
spherical and conical indenters: imprints formed by spherical indenters are still spherical
Tabor (1948), however with a larger radius of the imprint; the imprints formed by conical
indenters are still conical, however with larger included tip angle (Stillwell and Tabor
1961) Although this effect of plastic deformations was discussed in detail by Johanson
(1985), Section 6.4), Galanov et al. (1983) were there first authors who quantitatively
took into account the Galanov effect in their models (see for details (Borodich 2011,

Borodich 2014; Borodich et al. 2016).

To give more explanation about this issue, we know that the geometry of the Hertz
type problem of contact between two axisymmetric elastic solids whose shapes can be
described by power-law functions of degree d: z* = B}r%andz~ = B;r¢. So, it is
assumed that initially the solids contacted at one point O. Let us fix a point r* within the
contact region. Two point m*(r*) and m~(r*) coincide after contact. These two points
have to go along the z-axis the following distance in order to coincide: z*(r*) + m* (r*)

and z*(r*) + m~(r*) respectivly. Hence, the problem has been reduced to the problem

6l|Page



Chapter Three Theoretical fundamentals for express analysis of
current bluntness of an AFM tip

of contact between a rigid body z = B,r% = (B} + B7) and an elastic half-space. Using
Galin’s formula, one obtains for a cone (d=1) of semi angle a:z* = (cota)r and conic

hole of semi anglea’: z* = —(cota’)r.

p=—2E L p2 (3-20)

n(1-v2) [cota—cota']

In the case of a contact between a sphere (d = 2) of radius R;: z" = %rz and a
1

sphere hole Ry:z~ = ——7r2, one has z = B,yr? = 0.5(———)r? and therefore,
2Rq R1 Ry

according to the above Galin solution

1/2
E 1.4.2

P = 2o rI7r@)| =1L p¥2 (321)

_p2 —2
1-v 21—1) 2+1 1-v RL_RL
= o

If a'=90° then cota — cota’ = cota and (3-20) become:

P ma? cota (3-22)

- _2E
(1-v?)

The concept of “‘effective indenter shape’’ that in fact is the same as the model with

the Galanov effect, was introduced later by (Pharr and Bolshakov 2002). The effective

indenter shape was discussed also in a number of papers, see, e.g. (Sakai et al. 2004;

Schwarze and Fuchs 2006).

In 2005 studied has been done by Lim and Chaudhri (Lim and Chaudhri 2005) on
experimental indentation of rigid cones into conical holes molded in elastic blocks. In this
study they compared the experimental results with the following formula for effective

shape of a conical indenter that they adopted from Sakai et al. paper (Sakai et al. 2004):

2E

P= |tan {Z - (¢’ - )}| 12 (3-23)

T on(1-v?2)

62 |Page



Chapter Three Theoretical fundamentals for express analysis of
current bluntness of an AFM tip

The above formula was not derived from geometrically non-linear formulation of
the contact problem. One can see that (3-23) has nothing in common with the Galanov
formula (3-20) that follows from the analysis of Hertz type contact problem. Hence, as it
was noted by Borodich (2011) the above formula is wrong. It is not a surprise that it does
not agree with experiments (Lim and Chaudhri 2005). Further studies by Chaudhri
showed that the experimental data is also in disagreement with the Galanov (3-20).
However, we need to note that the indenters used by Chaudhri were rather sharp and
hence, the geometrically linear formulation was not applicable either in Hertzian model

or the model that takes into account the Galanov effect.

Note that we have described some difficulties that could arise from the use of the
classic Hertz contact theory when it is applied to nanoindentation tests. In the thesis we
concentrate on the problems related to the AFM nanomachining of the surfaces, i.e.
problems when the maximum depth of indentation does not exceed 50 nm. For such
shallow depths, there is no significant plastic deformations (if any) during vertical
indentation. The plasticity arises during horizontal moves of the indenter probes. Thus,

we can still use the formulation of the Hertz-type contact problems in our studies.

3.5.2 Scaling transformations and self-similarity of Hertz type contact
problems

It is well known that the main feature of the Hertz type contact problems and the
main difficulty of solving these problems is that the contact region is not known in
advance and it has been found as a part of the solution to the contact problem (Borodich

2014). Therefore, even for linear elastic solids the Hertz type contact problem is non-
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linear. However, it was shown by Galanov in many papers (Galanov 1981a; Galanov
1981b; Galanov 1982) for isotropic solids and by Borodich (Borodich 1989; Borodich
1990b) in the general case of anisotropy that the Hertz type contact problems are self-
similar and therefore, the non-linear 3D Hertz-type contact problem can be described as
steady state. The conditions under which Hertz-type contact are self-similar may be
formulated as follows by Borodich see for details (Borodich 1989; Borodich 2011): “The
constitutive relationships are homogeneous with respect to the strains or the stresses and
the indenter’s shape is described by a homogeneous function whose degree is greater than
or equal to unity. It is also assumed that during the contact process, the loading at any

point is progressive”.

As it has been mentioned, Galanov (1981b) and Borodich (1983) discovered
independently the self-similarity of the 3D Hertz-type contact problems for isotropic
linear elastic solid. Galanov(Galanov 1981a; Galanove 1982) discovered also self-
similarity of contact problems for non-linear isotropic elastic, visco-elastic and plastic
solids. Later Borodich described the general transformations applicable to the 3D Hertz-
type contact problems and showed that self-similarity transformations are a particular
case of the general case when the shape of the indenter is described by a homogeneous
function. He showed also that the self-similar approach is also valid in application to

non-linear anisotropic materials in both friction and frictionless boundary conditions.

Thus, to satisfy the conditions of self-similar contact problems, the indenter shape
should be described by f = hg, i.e. its shape is described by homogeneous function hy,

of degree d. Here, the homogeneity of the indenter shape means that the functions of the

64 |Page



Chapter Three Theoretical fundamentals for express analysis of
current bluntness of an AFM tip

indenter’s shape f should satisfy the indenter £ (Ax;, Ax,) = A4f (x,, x,) for any arbitrary

positive A. Here, d is the degree of a homogeneous function f.

Furthermore, the operators of constitutive relations F for materials of contacting
bodies should be homogeneous functions of degree k with respect to the components of

the strain tensor e;;, i.e., F(/’Leij) = /’l"F(eij), that is mean the stress-strain relation of the

k

tested material has to be of the following type a~€® where k is the work hardening

exponent of the constitutive stress-strain relationship.

The following scaling relations follow from the Borodich two-parameter
transformations of the contact problems: if a punch whose shape is described by a
homogeneous function h,; of degree d, is loaded by the force P, and the size of contact
region is known and equal to 1(1,t, P;) and the depth of indentation of the punch is equal
to h(1,t, P;) then for a punch loaded by some force P and whose shape is described by
the function cHy, ¢ > 0 , the size of contact region and the depth of indentation are
defined by the following equalities (Borodich 1989; Borodich 1990b.; Borodich 1993;

Borodich 2014)

1

_ oy P\ )
I(c,t,P) = ¢ k@D (5 1(1,t,P,) (3-24)

1

-k 4 _
hc,t,P) = ¢ @0l () y(y, e, ) (3-25)
Borodich (2014) included time t within the arguments in order to include the
creeping and viscoelastic materials. However, in our analysis we will avoid such
materials.
The above scaling relations (3-24), (3-25) can be used to re-calculate the results

obtained for a sphere of radius R1 to another sphere of radius R (d=2, c=R/Ry).
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I(R,P) = (R%) e (Pi;) @0 I(Ry, Py) (3-26)
h(R,P) = (}%)ﬁ (Pi;)m h(Ry, Py) (3-27)

Both the famous Meyer scaling law and its modification by Bowden and Tabor
(1964) can be theoretically justified by the scaling relations (3-26) and (3-27). The above
Borodich scaling formulae (3-24) and (3-25) was later used by Borodich et al. (2003) to
derive the fundamental relations for nanoindentation tests.

Generally as mentioned previously, the real indenter have some deviation from the
normal shape. So if the apex of indenter tip approximated by a monomial function of
radius of degree d, (1 <d <2) then both of the equation (3-24),(3-25) can be used to drive
the fundamental relations for depth of indentation, size of contact region, load hardness,

and contact area for both elastic and non-elastic, isotropic and anisotropic materials

Let us denote byP;,A;,l; and by h respectively some initial load, the
corresponding contact area, the characteristic size of the contact region and the
displacement. Because we consider the same indenter then ¢ in (3-24) and (3-25) can be

taken as ¢ = 1 and, hence,

L_ (£)2+k(d—1)’ h _ (ﬂ )2+k(d—1) (3-28)

Galanov (1981b) and Oliver and Pharr (1992) noted that the experimental unloading
data for various materials can be described as a power-law function of h, as in the folloing
formula:

P = ah™ (3-29)
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Oliver and Pharr (1992) noted that the exponent m is usually in the range from about
1.25 to 1.51. However, these empirical observations can get a scientific justification if
one employs results by Galanov (1981b) and Borodich (1989).

So, loading and unloading curves of P-h relation as a result from the
nanoindentation test are not the same as mentioned before. Because loading curve
represents both elastic and plastic deformations of the material. On the other hand, the
unloading curve may be assumed to be purely elastic. Hence, in an ideal scheme, the

whole load-displacement curve can be approximately described as:

2+k(d—1)

)t e

Py ’ Pmax hmax_hf

respectively for loading and unloading branches of a depth-sensing test. Here, P, h

» e+ Pinax
are the maximum load and the respective displacement, and h, is the residual
displacement (more details see Figure 3.1)(Borodich et al. 2003; Borodich 2011). If
plastic distortions are small, i.e. one can neglect the Galanov effect, and the non-
homogeneity of the residual stresses can be also neglected, then one can assume for the
unloading branch thatx =1. Thus, we obtain the main equation for the unloading branch

of the P — h curve
logP~log(h — he)™ =m-log(h—hf), m=(d+1)/d (3-31)

or

d=——: (3-32)
The very simple equation (3-32) is the fundamental equation for extracting the
guantitative measure of the current AFM tip bluntness. Hence, the range the exponent m
from 1.25 to 1.51 correspond to d within the range from 1.96 to 4. Evidently, for d =4

the tip is rather flat. It has been derived assuming negligibility of the surface distortions
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and using the similarity arguments that are valid for frictionless, frictional and no-slip
boundary conditions and for linear elastic behaviour of the tested probe materials at
unloading branch.

We will use soft polycarbonate plastic as the tested probe material. A typical P —
h curve for a soft polycarbonate plastic obtained by nanoindentation of the AFM tip in its
working position is presented in Figure 3.5. Note that the original data (in blue) represents
both the indentation data (in red) and the additional displacement of the AFM spring
(cantilever) under applied load. Hence, the curve is shifted. We suggest to use the
indentation data (in brown) and extract the quantitative measure of the current AFM tip
bluntness. Using the experimental P —h curve (Figure 3.5) and employing the
fundamental equation (3-32), one can extract the quantitative measure of the current AFM

tip bluntness. The methodology of the express analysis is described below.

F (nN)

Before Shifting

— After Shifting

h (um)

Figure 3.5: A typical P — h curve for a soft polycarbonate plastic obtained by
nanoindentation of the AFM tip in its working position. The original data (in blue) and
the data obtained after extraction of the AFM beam deflection (in red). Note the plastic

imprint is very small, i.e. hy ~ 0 (see Chapter 4 for further details).

68| Page



Chapter Three Theoretical fundamentals for express analysis of

current bluntness of an AFM tip

3.6 Methodology for the express analysis of actual bluntness of

the AFM probe tip.

Based on the above discussion AFM the methodology for the express analysis of

actual bluntness of the AFM probe tip may be described as the Figure 3.6.

Use nanoindentation test for soft elastic polycarbonate plastic
by the probe tip fixed in the AFM actual configuration

U

Consider the unloading branch of the P — h curve in the
logarithmic coordinates to extract the exponent m of (3-31)

U

Use (3-32) to calculate the actual bluntness of the tip in the
AFM actual configuration

U

If bluntness exceeds the allowed value then change the probe
otherwise continue process of nanomachining

Figure 3.6 methodology for the express analysis of actual

bluntness of the AFM probe tip
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3.7 Conclusion

To describe the current shape of the AFM tip in its working position in the range of
the possible indentation depth, it is suggested to approximate the shape as a power-law
function of degree d.

A quantitative measure of the degree of the tip bluntness has been introduced,
namely it is suggested to use the exponent d of the power-law function as the quantitative

measure of the bluntness.

It has been shown that the lateral displacements of the AFM tip during its downward
motion are negligible. Hence, the approach developed earlier for vertical indentation tests,
is also applicable to indentation by an AFM tip attached to the AFM cantilever in its
working position. Because the problems of vertical indentation for power-law shaped
probes are self-similar, the Borodich scaling arguments for the contact problems have
been used to derive fundamental relations (3-30) and (3-32). The relation for the
unloading branch of the P — h curve may be used for the quantifying the bluntness of the

indenter tip, namely by using the methodology described in Flow chart 3.1.

Although the scaling relations are valid for both elastic and non-elastic, isotropic
and anisotropic materials, it is suggested to use an express depth-sensing nanoindentation
of a soft elastic isotropic material by an AFM tip. It is suggested to use the soft

polycarbonate plastic as the tested probe material.

Thus, it is proposed a method for express analysis of the AFM tip bluntness based
on the quantitative measure introduced. One can extract the above quantitative measure
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of the bluntness from an express depth-sensing indentation of the probe tip into a soft
elastic sample. The theoretical fundamentals of the method are provided. The

experimental verification of the method will be presented in the next chapters.
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Chapter Four Implementation of a novel approach for AFM

4.1 Aim and objectives

In this chapter, an experimental/analytical procedure is developed to estimate the
degree of bluntness of an AFM tip apex “as received from the manufacturer” in its
working position in the AFM instrument. This procedure is based on the analysis of the
force-displacement curves using the Borodich rescaling formula. The procedure allows
to estimate in-situ the actual bluntness of the AFM tip without the use of any additional

equipment.

4.2 Introduction

In this chapter, an in-situ method was implemented experimentally to evaluate the
AFM tip bluntness degree based on the analysis of nano indentation force-displacement
curves. To describe the actual shapes of AFM tips, four different commercially available
non-axisymmetric tips coated with diamond have been studied. The specifications of
these tips will be presented in Section 4.4. Basically, this method is based on the Borodich
rescaling formulae (Borodich 1989; Borodich et al. 2003) and his similarity analysis of
Hertz-type contact problems. Presenting the force-displacement (F-h) as a power law
F~h™, coordinates Log F ~ Log h and using the linear fit of the data, one can estimate the
degree (exponent) m. Then, using the rescaling formulae, one can extract the degree d of
the shape bluntness. Here and henceforth, it is assumed that the actual shape of AFM tips
may be well-fitted at their apexes by non-axisymmetric power-law functions of degree d,

d>1:

f(r,0) = B(O)r? (4-1)
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Here (r, 8) as it was mentioned above, are the polar coordinates in the plane of the
sample whose origin is located at the actual apex of the tip. As it was described in details
in Chapter 3, Hertz-type contact problems for such punches are self-similar for many

constitutive laws (stress-strain) relations.

This chapter is organised as follows. The next section describes in details the basic
principle for acquiring force-displacement curves when conducting nanoindentation
experiments with an AFM as opposed to a normal vertical indenter. Following this,
Section 4.4 describes the experimental set-up used in this study. This includes the
microscopy instruments utilised, the probes and the sample material. Then, Section 4.5
presents and discusses the results obtained when assessing the degree of bluntness, d,
from AFM nanoindentation tests with the different tips considered. This section also
presents an initial validation of these results. More specifically, this was achieved by
evaluating d based on the analysis of the two-dimensional profiles of the same tips using

SEM micrographs.

4.3 AFM nanoindentation

4.3.1 Force —displacement curve analysis

The application of instrumented indentation tests allows the penetration process of
an indenter tip into the sample material to be measured through the control of either a
constant loading rate or a constant displacement. In this way, measurements can be
recorded for both applied load and penetration depth on the micrometre or nanometre

scale (Oliver and Pharr 1992; Doerner and Nix 1986). Figure 4.1 explains the main
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concept of the process and the shape of the force-displacement curve expected as a result

of this test.

(@) (b)

ﬁ Force F
Vo =

Depth h Unloading

Loading

Displacement d

Figure 4.1: (a) Typical concept of instrumented indentation test, (b) the obtained

force-displacement curve (adapted from (Bhushan 2008)).

Figure 4.2 illustrates the general shape of the force-displacement curve of the
nanoindentation process when conducted on an AFM instrument. In this figure, region |
corresponds to the case where the tip is far enough from the sample and thus, there is no
interaction force between them. As the tip becomes closer to the sample surface, Van der
Waals force effect the tip, which eventually snaps onto the workpiece (region I1). Region
Il presents data when the tip indents the sample to a maximum load causing tip
deflection. The last region shows the adhesion area for which the AFM cantilever
deflection is affected by the adhesion force before tip finally snaps off from the surface

(Borodich et al. 2013)
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Figure 4.2: General shape of the (F - h) curve for AFM-based nanoindentation,

¥

illustrating the different regions of the curve and the specific location of the

desired data required for the analysis (adapted from ( Butt et al. 2005)).

Among the many advantages of using the AFM instead of the standard indenter to
apply the nanoindentation test, the fact that AFM tip consists of small radius of curvature
rather than the indenter make the interaction between the tip and the surface sample more
localized. As a result, a weaker force could be applied, which is a tremendous difference
was addressed about 1InN could apply by AFM while the indenters utilized 100nN

(Tsukamoto et al. 1987).

It is important to consider the fact that AFM cantilevers deflect when applying a
specific load at their free end. For this reason, when analysing a force-distance curve
obtained with an AFM instrument, the compliance of the probe cantilever should be taken

into account. In particular, the deflection of the cantilever, ¢, should be subtracted from
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the recorded value of the distance coordinates for each point along the loading and
unloading branches as given by the AFM instrument (for more details, see Figure 4.3).
Therefore, for obtaining an accurate force-displacement curve from this process, data
must be measured between the applied load and the actual nanoindentation depth, h,
rather than the displacement, z, of the piezoelectric actuator holding the probe. Indeed,
the default output of the instrument provides z data rather than h (Jee and Lee 2010; C. a
Clifford and Seah 2005; Cappella and Dietler 1999). As a result, a shifting process is an
essential step to obtain correct (F-h) curve rather than the original (F-z) curve. This can

be implemented using the simple following equation:
h=z-9§ (4-2)
Due to Hooke’s law, one has

§== (4-3)

where F and K, are the recorded applied force and the cantilever normal spring
constant respectively. Figure 4.4 illustrates the conversion of the obtained curve from a

FvszcurvetoaF vs h.
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Probe with tip in contact with the
sample before nanoindentation

Deflected probe during
nanoind entation

Sample

Figure 4.3: Side view of the cantilever during AFM nanoindentation. z is

the piezoelectric actuator displacement, h is the indentation depth and § is

Load (nN)

the cantilever deflection at its free end.

Kerrf.

Loading

/ F-z

Unloaiding

Fmax

v

Displacement data (nm)

v

Figure 4.4: Force-displacement curve. The blue curve is the raw data obtained

with an AFM instrument. The black curve shows the required data after removing the

cantilever deflection, 6 = F/Keft Where F is the normal force, Kesr is the effective

cantilever spring constant (more details about Kes will be explained in section 4.4.3.2)
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4.4 Experimental set-up and procedure

For the experimental investigation, a set of techniques were used in this study to
quantitatively and qualitatively characterise the tip apex geometry and to extract the
bluntness degree d of the investigated probes. Figure 4.5 presents a flow chart, which
summarises the experimental procedure followed in this chapter for each probe
considered. In particular, a wide range of instruments were employed including an optical
microscope, a scanning electron microscope and an Atomic Force Microscope. Full

details of each step in this procedure are given in the next sub-sections.

4.4.1 Microscopy equipment

The electron microscopy instrument used in this study was a dual focused ion beam
and SEM system from Carl Zeiss (model 1540xB) (see Figure 4.6). This equipment is
used to obtain 2D profile data about the real shape of the AFM tips under investigation.
An optical microscope was also employed (model DMLM from Leica) to obtain
quantitative information about the cantilever dimensions of the probe (see Figure 4.7). In
particular, this instrument was utilised to measure the width and length of cantilevers on
which tips are mounted. The nanoindentation experiments were carried out on an AFM
instrument from Park system (model XE-100). A photograph of this instrument and of its
main component are shown in Figure 4.8. This AFM is positioned on an active anti-
vibration table (model TS 150 from Table stable) and has three individual piezoelectric

actuators (i.e. one for each axis in a Cartesian coordinate system).
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Optical microscopy

- Measurement of cantilever dimensions
(L: length, w: width)

7

First calibration

- Assessment of the cantilever spring constant using the Sader
method (Sader et al. 1999)

O

SEM

- Acquisition of 2D cross-sections data of the tip with
an image processing software

7

Second calibration

- Assessment of the vertical sensitivity of the position
sensitive photodiode detector (PSPD) of the AFM device.

<

SEM

- Checking the integrity of the apex condition after the
calibration.

N

AFM

-Nanoindentation tests over a soft elastic polycarbonate sample
to extract force - displacement curves

@

SEM
- Final check of the apex condition after the nanoindentation
process

Figure 4.5: Overall experimental procedure followed in Chapter 4
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Figure 4.7: The optical microscope utilised
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Figure 4.8: XE-100 AFM instrument from Park System.
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The X and Y actuators of the AFM instrument generate displacement of the stage
along the x and y-axes with sub-micrometre resolution and for a maximum distance of 45
pum. The Z actuator, also referred to the Z-scanner in the thesis, defines the vertical
displacement of the fixed end of the AFM probe along the z-axis. The maximum
amplitude of the vertical displacement is 7 um for this particular AFM system. Finally,
the “XEI” software from Park Systems was also used to extract nanoindentation curves

for further analysis.

4.4.2 AFM probes and sample material

Four non-axisymmetric probes with diamond coated silicon tips (model DCP_10
from NT-MDT) were investigated. The main reason behind the selection of these specific
tips was that, in order to apply the rescaling formula we need probe tips with an apex
radius in the range between (50-100 nm). Also, during the study the effective spring
constant is required for tips calibration process, these tips (referring to DCP_10) are
rectangular ones and the direct solution for the rectangular cantilever is already available.
The cantilevers of such probes have a rectangular shape with a nominal spring constant
given by the manufacturer as 40 N/m. Such probes are mounted on a larger chip which
enables their positioning into the head of an AFM device using tweezers. Such a chip has
standard dimensions 1.6 x 3.6 x 0.4 mm. In addition, the typical curvature radius of the
tip is about 100 nm while the tip height is between 10 - 15 um according to the
manufacturer specifications. Figure 4.9 shows a SEM micrograph of one of the AFM tips

studied in this work.

The substrate utilised in this work was made of elastic polycarbonate (PC) material.

The particular PC sample used here had lateral dimensions of 30 x 30 mm, while its
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thickness was 3 mm. It is arithmetic surface roughness, Ra, was estimated to be 1.9 nm

determined from AFM scan of its surface.

Figure 4.9: SEM micrograph of the tip for one of the AFM

probes investigated

4.4.3 Normal force calibration, F

Based on the application of Hooke’s law, the accurate determination of the normal

force, F, applied by an AFM probe can be obtained from the following expression:

F - Kn X Sn X VA—B (4-4)

where K, is the normal spring constant of the cantilever, Sy is the normal sensitivity
of the PSPD and Vas is the voltage output of the PSPD corresponding to vertical
deflection of the cantilever (Ducker 1992; Butt et al. 2005). Thus, when calibrating the

applied normal force, it is first required to be correctly evaluate K, and Sy, .
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Calibrating the spring constant of used cantilever before the nanoindentation
process by AFM is considered an essential process to obtain correct results as mentioned
previously by other researchers (Borodich et al. 2012; Borodich et al. 2013). The nominal
value for K, specified by probe manufacturers is typically comprised within a large range
of possible values. Therefore, in order to know the applied load during nanoindentation
with good accuracy, the spring constant must be calibrated prior to performing any
experiments. In addition, a second calibration step must be done to define Sy such that
the voltage measurement Vag, given by the reflected laser beam from the cantilever into
the PSPD of the AFM, can be converted accurately to the actual deflection of the probe
(Hutter and Bechhoefer 1993). In this work, these two consecutive calibration steps are
completed first in order to reduce the uncertainty for the value of the applied normal force
on the sample to a minimum. These steps are described in details in the following sub-

sections.

4.3.3.1Calibration of the normal spring constant, K,

The normal spring constant, K,, of the cantilever can be defined as the ratio of the
applied normal force of the cantilever to its deflection in the normal direction at the tip
position (Clifford and Seah 2005). Many methods were presented to determine Ky in
practice which rely on the determination of a number of geometry characteristics such as
length, width and thickness as well as the material properties of the cantilever (see e.g.
reports in Clifford and Seah 2005, Neumeister and Ducker 1994, Sader et al. 2012).
Similar to many studies in the literature, a widespread method was used in this work,
which is the so-called the “Sader Method” for assessing the normal spring constant of

rectangular probes (Sader et al. 1999).
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The Sader method suggests determining only the plan view dimensions of the
cantilever. i.e. its length and its width. These dimensions can be obtained from optical
microscopy as illustrated in Figure 4.10. In addition, measurements of the quality factor
of the cantilever, Q, in air and its unloading resonance frequency, f;,, should be obtained.
The quality factor is used in this method to quantify the value of energy dissipated in the
fluid (air) due to resonant oscillations. Both quantities can be obtained using the AFM
instrument from the analysis of the signal showing the amplitude response of the free end
of the cantilever under different excitation frequencies. When implementing this method,
both the air density and viscosity are considered constants for a given laboratory
environment. The Sader method is generally described as a very convenient method
because all the required physical quantities to implement it can be measured accurately

without being destructive to the cantilever tip apex.

Figure 4.10: Optical microscopy image of one the cantilevers utilised.

In this work, we illustrate the influence of using the correct and a wrong value for
the spring constant of the cantilever on the outcome of force-displacement curve obtained
from a nanoindentation test. Figure 4.11(a) shows the curve shape when the correct K,

value is used in the analysis. In this case K, was determined to be 81.2 N.m™!. Figure
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4.11(b) give the curve using an inaccurate value of K, (i.e. 56.3 N.m™1). The implication
of using a wrong K, value in this case is that an error of 30% in the normal spring constant
measurement brings an error of 76% in the hmax value extracted from the force-

displacement curve.
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Figure 4.11: Force-displacement curves from an AFM nanoindentation

test before and after shifting using § = Ki based on (a) the correctly

measured normal spring constant and (b) a wrong value of the normal
spring constant. A 30% error in K, leads to a 76% error in the value of

hmax after completing the shifting process.

4.4.3.2 Effective spring constant, Kq¢f

As mentioned previously, it is a common fact that AFM probes are mounted at a

slight angle from the horizontal plane that defines the surface of a sample. This is done
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on purpose to increase the space between the sample and probe chip. Thus, force
measurement errors are expected if a proper correction is not applied due to this
inclination (Heim et al. 2004, Hutter 2005). In particular, force measurements are
overestimated by a factor cos?a where a is the mounting angle of the cantilever in the
AFM. This angle is generally about 12°. As a result, the normal spring constant is
underestimated by this factor if the correction is not applied. Thus, the “effective” spring
constant, Kest, Of rectangular cantilevers is obtained using of the following equation (Heim

et al. 2004, Hutter 2005):

Kn
Kerr = ooom (4-5)

In addition, it should be considered that the inclination of the cantilever at its free
end is also changed as a result of the nanoindentation process. Thus, the inclination angle

in this case is equal to ¢ which is equal to:

p=a—-y (4-6)

where y represents the change from the original angle o as a result of the cantilever
deflection due to the applied normal force as shown in Figure 4.12. In particular, this
figure present in more detail the effect of the inclination process over the required value
of . The value of y which represent the change in inclination angle was already calculated
in Chapter 3 and was found out to be negligible in this study. Table 4.1 provides the data
measured to assess K, using the Sader method for all the probes investigated. In addition,

this table also gives the value of Kes, which are used through the thesis.
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Figure 4.12: lllustration of inclination angles with respect to the tip surface.

Table 4.1: List of calibration parameters value, normal and effective spring

constant for the used set of tips.

Tip Probe Width | Length Freq. Ka Keft

No. name (1m) (1m) (kHz) | (N/m) (N/m)

1 DCP_2 33.12 | 98.33 | 314 230 9.45 9.93

2 DCP_3 33.12 | 99.29 | 369 248 12.50 | 13.03

3 DCP_4 33.12 | 98.97 | 363 224 10.60 | 11.08

4 DCP_5 33.12 | 99.94 | 316 243 10.40 | 10.87
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4.4.3.3 Calibration of the PSPD normal sensitivity, S,

As mentioned earlier, the accurate measurement of the displacement of the free end
of the probe, ¢, based on the recorded V,_5 signal from the AFM PSPD is very important.
Thus, the correct determination of the normal sensitivity of the PSPD, Sy, is also an
essential task prior to starting the nanoindentation experiments. This task is presented

below and it was applied for each cantilever as recommended by Butt et al (2005).

Typically, the calibration of the sensitivity of the PSPD requires bringing the tip in
contact with the surface of a hard sample. Then, the cantilever is further brought down
towards this sample by a known distance. The fact that a hard sample is used means that
there is no penetration from the tip into the sample surface. The output voltage V,_g

during this operation is recorded. Thus, based on the following equation:

5 = Sn X VA—B (4'7)

it is obvious that the sensitivity, Sy, is the slope of the displacement, ¢, as a function

of Vy_5.

The impact of this factor calibration on the obtained shape of the loading -
unloading curve can be seen in Figure 4.13. In particular, Figure 4.13(a) presents the
output curve acquired using the correct calibrated value of the PSPD sensitivity, which
was measured to be 69.3 m/V in this case. Figure 4.13(b) shows the distorted loading —
unloading curve after using an inaccurate value of S,, (i.e. 84.0 m/V). Overall, it could
be seen that an overestimation in the sensitivity value leads to a higher value of the
measured deflection ¢ (see equation 4.10). At the same time, it also results in the
underestimation in depth value h (see equation (4.2)), and the overestimation of the

normal applied force (see equation (4.3)).
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In the present case, the overestimation of the deflection and the normal force brings
an obvious measurement error in the shape of the force-displacement curve as shown in
Figure 4.13(b). From an 18% change in sensitivity between the correct and inaccurate
value, an error of 80% was produced in hmax Obtained after completing the shifting

process. Table 4.2 shows the Sn values measured for all the probes used in this work.
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Figure 4.13 The raw force-displacement curve, F-z (blue colour) and the
shifted F-h curve (orange colour) based on (a) the correct value of the

PSPD sensitivity and (b) a higher and incorrect value for this sensitivity.
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Table 4.2: Normal sensitivity Sp associated with each of the probes utilised.

) Normal sensitivity, S,
Tip No. | Probe name
(m/V)
1 DCP 2 69.3
2 DCP_3 54.0
3 DCP 4 56.5
4 DCP_ 5 104.0

4.4.4 Nanoindentation process

The purpose of this section is to present the analytical procedure followed for
extracting the average value of d for all the tips used based on the raw (i.e. F-z)
nanoindentation data as provided by the AFM instrument. The overview of this procedure

is illustrated in Figure 4.14.

92 |Page



Chapter Four Implementation of a novel approach for AFM

- Extraction of the angle, y
- Calculation of the angle ¢ for all tips

J

- Calculation of the normal spring constant K,
using the Sader method

(=

- Calculation of the effective value of spring constant, K, s.

=

- Obtaining the deflection value, 6.

-

- Shifting of loading-unloading curves in order to obtain
the (F — h) curve rather than the (F — z) curve.

=

- Plotting of the graph log F as a function of log h and apply
a linear fitting to extract the value of m

J

- Extracting the value for d

Figure 4.14: Flow chart describing the main analytical steps used to

extract the average value of d for a given tip.

However, prior to the start of nanoindentation experiment, a scan of the sample
surface is performed in order to locate a suitable position on the surface and to avoid the
influence of any possible contamination may exist on the sample which effect the final

result. (Young and Budynas 2001; Vanlandingham et al. 2001). This is another
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procedural difference when conducting the nanoindentation process on an AFM
instrument in comparison on a nanoindentor device. In this study, the initial imaging of
the sample surface was performed in non-contact mode in order not to damage the tip
apex. It should also be noted that, the nanoindentation experiments were realised without
holding time between the loading and un-loading processes. This was to avoid the
influence of time-dependent deformation mechanisms, such as creep or viscoelastic effect
on the results. (Tang and Ngan 2003). The nanoindentation tests were carried out at room
temperature. For each tip, a set of 10 nanoindentation cycles were realised on different
locations over the surface of the PC sample in order to extract an average value for d.
Appendix Al. shows the user interface of the Park Systems software utilised when defing

the map of the 10 nanoindenation locations.

For all experiments, the generic set-up was as follows:

- Scan an area 5 um by 5 pm on the sample in non-contact mode at 0.6 Hz scan

rate.

- Approach the tip onto the sample surface until a set normal force of 100 nN is

reached.

- Define a map of 10 nanoindentation locations.

- Perform a nanoindentation cycle for a given location through the control of the
displacement of the Z-scanner. A vertical motion of 80 nm was applied every time. In
addition, the speed of the Z-scanner was 0.20 pum/sec during both loading and un-loading.
This small range of vertical motion ensured that the reflection of the laser beam from the
back of the deflected cantilever could always be contained within the working range of

the PSDP.
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- Move the tip to the next nanoindentation location by using a low applied force of
30 nN between the tip and the sample and repeat the previous step until completion of the
10 cycles. This value of applied force was selected not to wear the tip apex through the

movement between the points

The raw force-displacement curve for each indentation point could be visualised
with XEI software from Park Systems. This data were then exported into a text file, which
could subsequently by processed using the Excel software for further analysis. In
particular, the first data processing step before extracting the d value was to perform the

shifting process as explained earlier in section (4.3.1).

Finally, as can be seen in Figure 4.14, the last data processing step consisted in
plotting the unloading part of the nanoindentation curve using logarithmic coordinates
(Log F - Log h). In particular, according to the similarity approach as explained in detail

in Chapter 3, we have:

F _( h—hy )(1+1/d)

Fmax hmax_hf (4-8)
which can be re-arranged as follows:
_ (1+1/d)
h—-h
F = Fpax (ﬁ) (4-9)
max~—Lf

Taking into account that the non-homogeneity of the residual stress is neglected
(Borodich et al. 2003) and by using logarithmic coordinates, one can extract the value of
m based on experimental data as the slope of the (Log F - Log h) data from the following

equation:

Log F = Log Fpqy +m Log(h - hf) (4-10)
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where m is defined as:

m=1+(1/,) (4-11)

The value of the exponent m experimentally found in this way is then employed to

extract the degree of bluntness d using equation:
d=— (4-12)

It should be noted that for shallow indentation depth, vibrations from the
environment (kinetic or acoustical vibration) could have a significant effect on the load-
displacement curve if they are of the same magnitude. The influence of this vibration
noise are the main cause of erroneous results when shifting the force-displacement curve,
and data scattering from one test to another. These effects can be reduce by using air
damping plates between the tip and sample are necessary (Choi et al. 2011). In this work,
we have used an anti-vibration table and an acoustic enclosure to minimise such

influences.
4.4.5 SEM data processing

2D profiles of each tip were also extracted from SEM micrographs via an image
processing software (Image J). These data represent only a cross-section image of the tip,
i.e. the cross section facing the incident electron beam during the scanning process. Figure
4.15 presents the SEM image for each of the four tips (see Appendix Al for more detailed
SEM image zoomed to the apex region for all four tips). As stated earlier, these tips are
commercially available; they have a non-axisymmetric geometry and are coated with a
layer of single crystal diamond. Their dimension and spring constant values were already

reported in Table 4.1.
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Figure 4.15: SEM image for (a) tip 1, (b) tip 2, (c) tip 3 and (d) tip 4 according

to the nomenclature defined in Table 4.1.

One advantage of using the SEM device in this work was to gain more information
about the shape of the tip apexes before and after each process steps when performing the
tip calibration and the indentation tests. In this way, it was possible to make sure that the
geometry of each tip apex did not change through the whole procedure. The assessment
was done in a qualitative manner as can be seen in Figure 4.16 for one of the used probes.
In particular, this figure shows SEM images of tip 1 for a fixed magnification value before
and after the tip calibration process and also after the completion of the 10
nanoindentation tests. Based on this data, it could be reasonably assumed that the
succession of the steps implemented in the overall procedure could be considered as non-

destructive.
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Figure 4.16: SEM micrographs of tip 1 (a) as received from
the manufacturer, (b) after calibration and (c) after the

nanoindentation tests
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4.5 Results and discussion

4.5.1 Nanoindentation

The nanoindentation tests were performed over PC elastic polymer sample for the
set of four tips considered under the same experimental conditions to make sure that any
discrepancies in the obtained force-displacement curves corresponded to actual difference
in tips sharpness. Figure 4.17 shows a typical force-displacement curve acquired from
one of the 10 nanoindentation tests for each tip. From this figure, it can be observed that
the generic shape of the loading - unloading curve for each tip is consistent. In order to
extract the correct data and neglect the impact of the adhesion effect between the tip and
the sample in the unloading data, careful selection of the origin point (i.e. when F is
considered to be null) of the unloading curve must be carried out. The adhesion region
may vary from one indentation location to another in the map and also from one tip to
another depending on its composition and surface chemistry. Thus, the origin point was

selected when the contact force on the loading curve was at the minimum (Carpick 1997)

From each F-h curve, only the unloading data were of interest. Thus, in each case,
a new plot was prepared to show only the unloading part. For each of these new plots, the
F-h curve was shifted horizontally toward the origin by a value equals to hf to ensure that
all the unloading data analysed started at the point (0, 0). Also, it should be noted that
because of the inhomogeneity of the polymer material used on the nanoscale, data for
each unloading curve obtained with the same probe could vary (Borodich et al. 2012 ;
Sawa and Tanaka 2001). This is why the d value measured here was calculated as an

average from 10 nanoindentation experiments.
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Figure 4.17: Example of the experimentally acquired force-displacement curves

from one AFM-based nanoindentation cycle for (a) Tip 1, (b) Tip 2, (c) Tip 3 and

(d) Tip 4. The blue curve represents the F-z data while the orange curve shows the
F-h data.
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A general qualitative observation was made when considering all the loading and
unloading curve obtained for the different investigated tips. In particular, tip number 1, 2
and 3 displayed a low amount of fluctuation in the acquired force displacement curve
across all 10 nanoindentation tests. However, all the curves for tip 4 exhibited a
distinctively higher and level noise, as can be observed in Figure 4.17. The possible
explaination for this could be due to the normal sensitivity of the PSPD value measured
for each tip. More specifically, the measured magnitude of S, for the first 3 tips was in
the range 54 to 69.3 m/V as reported in Table 4.2, while the value for tip 4 was the highest,
i.e. 104 m/V. As expected and also from evidenced in Figure 4.17, the lower the value of
S, measured for the tip, the better performance, i.e. the lower the noise, for the output
produced. Thus, it is preferable to use AFM cantilevers with as low a sensitivity as
possible in order to reduce the undesirable influence of noise (such as acoustic vibration)
that may effect the accuracy of the nanoindentation curves (Binnig et al. 1986, Bultt et al.

2005, Dukic et al. 2015).

After careful data processing of all the unloading curves for the tested tips, the
values of the power law exponent, m, as well as of the degree of tip bluntness, d, were
determined. These results are given in Table 4.3. The variations observed in this table

between different nanoindentation tests for the same tip could the result of:

-The non-ideal geometry of the tip under investigation;

-Vibrations that could not be completely eliminated;

-Non-homogeneity of the surface properties (i.e. nanoscale roughness and local

chemical composition) of the used PC sample.
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Table 4.3: The experimentally extracted values of parameters m and
d as observed in nanoindentation with used tips, the average value of
10 tests after fitting the unloading curve of the used set of tips using

the rescaling formula.

Test no. Tip 1l Tip 2 Tip 3 Tip 4
m d m D m d m d

1 180 | 125 | 1.81 | 1.23 | 172 | 139 | 1.50 | 2.00
2 233 | 075 | 154 | 1.85 | 1.89 | 112 | 150 | 2.00
3 160 | 166 | 15 | 200 | 1.86 | 1.16 | 200 | 1.00
4 171 | 142 | 138 | 260 | 171 | 140 | 1.70 | 1.40
5 171 | 142 | 167 | 150 | 162 | 161 | 1.65 | 154
6 172 | 138 | 146 | 250 | 1.96 | 1.04 | 200 | 1.00
7 171 | 142 | 158 | 172 | 22 | 080 | 210 | 0.90
8 171 | 142 | 147 | 213 | 210 | 090 | 210 | 0.90
9 180 | 125 | 158 | 1.71 | 23 | 0.76 | 200 | 1.00
10 171 | 142 | 15 | 200 | 165 | 1.61 | 1.50 | 2.00

Average | 40 | 134 | 155 | 192 | 1.90 | 1.18 | 181 | 1.37

value
Standard 0.22 0.40 0.30 0.46
deviation

The experimental data reported in Table 4.3 shows a good agreement with results
already published in the literature such as by Oliver and Pharr (1992) and Borodich et al
(2003). In particular, the average values of the power law exponent, m, measured here
vary between 1.55 and 1.90 and the results for d are comprised between 1.92 and 1.18.
Thus, the experimental results for m in this work lie between those of a spherical and a
conical indenter for which m = 1.5 and m = 2, respectively. This means that, for the range
of nanoindentation depths achieved here (i.e. less than 50 nm from the tip apex), the shape

of the tips used can be considered to be between a perfect sphere and an ideal cone.
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In addition, it can also be observed form this table that tip 3 is the sharpest tip. Tip
1 and tip 4 exhibits nearly the same degree of tip bluntness d. Lastly, tip 2 displays the

highest value for d which means that it more blunt that the others.

As pointed by Briscoe and co-workers, all conical or pyramidal AFM probes may
present some sort of defect geometry such as blunting at the tip apex, and thus they cannot
be considered perfectly sharp (Briscoe et al. 1994;Briscoe and Sebastian 1996;Briscoe,
B.J. and Sebastian 1996). This is verified with the results presented here. Indeed, all the
tip investigated are new, and of the same model while also being taken from the same box
as provided by the manufacturer. In spite of that the show different degree of bluntness.
Such differences in the case of a blunt tip could be due to some small local protrusions at
the tip apex, which in practice, may act as the actual sensor for the tip (Skarman et al.
2000). This reinforce that fact that it is important to assess the tip apex sharpness at the
working position in order to use such probes for further AFM-based fabrication or

characterisation on the nanoscale.

The complete set of results when calculating d for each tip and from each
nanoindentation test is given with Figures 4.18 to 4.21. These plots provides some
indication about the repeatability of the measured value of d. Tip 2 shows generally high
value of d, while tip 3 generally presents low value of d. The sources of some
discrepancies in the results for a given tip were discussed earlier. Also, it must be stated
that a possible (6%) uncertainty in force measurement (Song et al. 2015) using AFM

could bring about (+0.22)in d value extracted according to one curve analysis.
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Figure 4.18: Plots of the d value extracted for each of the nanoindentation test for
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Figure 419: Plots of the d value extracted for each of the nanoindentation test for
tip 2
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Figure 4.20: Plots of the d value extracted for each of the nanoindentation test for
tip 3
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Figure 4.21: Plots of the d value extracted for each of the nanoindentation test for
tip 4
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4.5.1.1 Further analysis of the proposed method to assess the tip bluntness

Additional analysis can be completed about the extracted value of d for each tip
apex by examining the obtained data for both h,,,, and h. As introduced earlier in F,
these represent the maximum indent depth and the final indent depth, respectively. Both
himax @and hy values can be extracted from the force-displacement curve after the shifting
operation to output F-h from F-z. Figure 4.22 shows the number of times the value of
hnax Was comprised within a given interval for each tip. More specifically, the x-axis
shows intervals of length 2 nm (i.e. from 0 to 2 nm, then from 2 nm to 4 nm, etc....) while
the y-axis shows the number of nanoindentation tests for which the of h,,,, obtained was

within an interval.

From these results, it can be seen that tip 3, which should be the sharpest tip having
an average d = 1.18, always led to the highest nanoindentation depth, h,,,, , inside the
tested sample with an average equals to nearly 30 nm. In contrast, tip 2, which is assumed
to be the bluntest tip (i.e. average d = 1.92), resulted in the majority of the h,,,, data near
10 nm to 12 nm. These observations are in-line with the assessment of the d values made
earlier. Indeed, it is expected that a blunter tip leads to a shallower penetration depth at
the maximum load. Regarding the other two tips, i.e. number 1 and number 4, a small
differences could be found in the bar graphs of Figure 4.22 although their average degree
of bluntness d was found the be nearly the same, i.e. d = 1.34 for tip 1 and d = 1.37 for

tip 4. This could be due to different reasons such as sample properties, technical issue.
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Figure 4.22: Bar graph showing the number of times the measured h,;,4 1S
comprised within a specific interval. The data for tip 3 were taken for a load of 600 nN

so for comparison purpose with the other tips

A similar comparison, as has been done with Figure 4.22, was carried out using the
results for hy (see Figure 4.23). This figure presents the number of tests where h, i.e. the
permanent depth of penetration after the indenter is fully unloaded, is within a specific
interval for each tip under investigation. From this figure, it is clearly observed that tip 3
(i.e. the sharpest tip) often results in the maximum h¢ value, while tip 2 (i.e. the bluntest)
exhibited almost the same value of h, for every nanoindentation tests which was also the

lowest among all tips with an average value about 2 nm.
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Figure 4.23: Bar graph showing the number of times the measured h; value is

comprised within a specific interval. The data plotted here were extracted

considering the actual Fmax achieved during the experiments.

Finally, the average values for h,,,,and hr were calculated for each tip. The results
were plotted against the average d value assessed earlier for each tip. This relationship
between d and h,,,, is illustrated in Figure 4.24. From this figure, it is clear that a smaller
d for the investigated tip leads to a higher penetration depth inside the polymer sample.
The same behaviour can be seen with the plot of h, versus d as illustrated in Figure 4.25.
Thus, the overall output from force-displacement curves indicates that the smaller the
value of d for the tested tip, the higher the result of both h,,,, and h; under similar test
conditions. Table 4.4 provides the actual average values of both h,,,,and h, used in

Figures 4.24 and 4.25. The average degree of bluntness d is also repeated in this table.
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Figure 4.24: Experimental relationship between the average degree of bluntness, d, and

the average h,,,, Values for each tip.
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Figure 4.25: Experimental relationship between the average degree of bluntness, d, and

the average hy values for each tip.
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Table 4.4: shows the average value of d, h,,,and hy for the used sets of tips.

. Average hy,qx Average h¢ Average
1 126 2.8 1.34
2 12.0 2.0 1.92
3 27.6 4.4 1.18
4 14.2 22 1.37

4.5.2 SEM micrographs

The height, h, of the 2D profiles of each tip extracted from SEM micrographs are
given in Figure 4.26 as a function of their width. It is obvious that the tips are neither
perfectly sharp, as would be the case for an ideal cone, nor perfectly spherical. Thus, their
shape cannot be assumed in advance of experiments. In addition, these 2D profiles present
limited details regarding the tip actual shapes because of their non-axisymmetric nature.
Thus, the appropriate description of the tip shape differ from one radial cross section to
another. Also, a general comparison between the investigated tips is presented in Figure
4.27. In particular, this figure shows all the tip profiles on the same plot for a distance
from the tip apex of 50 nm. For both figures, the profiles correspond to a cross section
perpendicular to the long axis of the cantilever as a result of the specific orientation of the

probe in the SEM instrument.
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Figure 4.26: Extracted 2D data from SEM profiles for the 4 investigated tips

after using image processing software (Image J). The profiles correspond to a

cross section perpendicular to the long axis of the cantilever
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Figure 4.27: AFM tips profiles 2 D for all tips extracted by image j. All tips

where superimposed together to show the general geometry of all tips from one

perspective up to 50 nm length from the tip apex.

111 |Page




Chapter Four Implementation of a novel approach for AFM

As described in Chapter 3 and based on Borodich et al. (2003), it is assumed that
using polar coordinates (r, 6), the shape of the tip apex can be described as a monomial

function of degree d as follows:
x3 = By(0)r? (4-13)

where d is assumed to be the degree of bluntness, B, is a function of the tip height
at r = 1. Thus, each SEM profile was further processed to identify the point at its apex.
Given that each profile display the tip pointing downward, the apex corresponds to the
point on the profile with the lowest value on the y axis. This point was used to split the
profile into two parts as shown in Figure 4.28 (a). Then a vertical and horizontal
translations were applied in order for this point to become the origin of a new coordinate
system to plot the profile as illustrated in Figure 4.28 (b). A mirror transformation about
the y axis was applied to the left part of this profile, i.e. the blue profile in Figure 4.28 (b).
This resulted in both profiles to be plotted for positive coordinates along the x axis, as
shown in Figure 4.28 (c). In addition, the maximum height over which both profiles were
considered was taken to be equal to h,,,, for that tip, as reported in Table 4.4. In this
way, it was possible to fit a power law function, htip(r), to each profile with two unknown

parameter, Bq and d as follows:
htip (1) = Bgr® (4-14)

where r represent the radial length the profile. Figure 4.28(c) shows the fitted
function for both profiles considered. The results obtained when assessing d from the

SEM data for all tips are given in Table 4.5.
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As mentioned above, the d value determined represents the average value obtained
from two parts of the profile for each tip. As mentioned above, the height of this profile
was equal to the maximum depth obtained for this tip during the nanoindentation test,
hmax- These results can now be compared with the d values obtained earlier from the
nanoindentation approach. These values are also included in Table 4.5. Finally, this table
also presents the percentage error between both approaches implemented to assess the
degree of bluntness, d. Finally, Figure 4.29 presents a plot for the values of d extracted

from two approaches, in addition to showing the final value of h,,,, for each tip.
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Figure 4.28: Illustration of the steps used to extract the d value from SEM 2D data
for one tip (Tip 4). The vertical interval considered, i.e. 30 nm, corresponds the
average hmax value obtained during the nanoindentation experiments. The average
value of d calculated from the two profiles plotted here was 1.74 as also indicated
in Table 4.5.
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Table 4.5: Assessment of the degree of bluntness, d, obtained from

nanoindentation tests with the rescaling formula and with the 2D profiles extracted from

SEM micrographs.

Uy nano?ngreonTation SIS Percentage error
number (2D) data g
tests
1 1.34 1.45 7.59 %
2 1.92 1.33 30.72 %
3 1.18 1.74 32.18 %
4 1.37 1.57 12.47 %

Bluntness degree d
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Figure 4.29: degree of bluntness, d, obtained by nanoindentation tests with
the rescaling formula and via 2D profile from SEM micrographs. The
inset plot shows the average value of h,,,extracted for the same set of

tips
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From the results presented in Table 4.5 and Figure 4.29, it is clear that there is a
significant difference between the outcome of the two methods when assessing d. Indeed,
the percentage error is comprised between 7.6% and 32.18%. This observed discrepancy

could be due to many reasons, the most important are:

First, the SEM data only represent a 2D evaluation of the tip shape while
nanoindentation tests take into account their 3D geometry. Therefore, the comparison
between one cross section of the tip profile to another may differ because of the non-

axisymmetric nature of the tip apex.

Second, using the SEM the tip is inspected in its vertical position while it is inclined
at an angle when the tip performs AFM nanoindentation tests. This suggests that the
bluntness of an AFM tip differs significantly depending on its consideration: in its vertical

position or in its working position at an AFM head.

In addition, from Figure 4.29, it can be seen that the smallest value of d (i.e. for Tip
3) as extracted from the nanoindentation tests also corresponds to the higher value of
hnmax- Alternatively, the highest d value, obtained for Tip 2, corresponds to the lower
indentation depth measured. This observation is in-line with what would be expected

because a sharper tip should lead to a deeper indentation depth.

Finally, using the analysis of the SEM micrographs only, it could be said that Tip 2
is the sharpest of the four tips investigated. However, this does not agree with the results
obtained based on the nanoindentation tests. This discrepancy will be further studied in

details in Chapter 5.
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4.6 Summary

In this work, we reported an experimental/analytical procedure to estimate the
degree of bluntness of non-axisymmetric tip apex of AFM probes “as received from the
manufacturer”. In particular, this procedure relies on nanoindentation experiments which
enable the analysis of the force-displacement curves using the Borodich rescaling
formula. Thus, it allows to estimate in-situ the actual bluntness of the AFM tip without
the use of any additional equipment. In addition, this evaluation is conducted when AFM
probe are in their working position in the AFM instrument. Four commonly used,
commercially available AFM probes were considered to implement this approach. These
probes were made of single crystalline silicon tips coated with diamond and they
displayed different spring constant. The nanoindentation tests were performed over a

polycarbonate sample.

Based on the results obtained in this chapter, the following conclusions could be

made:

e The data obtained in this study to evaluate the degree of tip bluntness, d, for the
different tips investigated are in agreement with the experimental results reported in the
literature. In particular, the average values of d ranged from 1.18 to 1.92, which
correspond to m values in the range between1.90 and 1.58. As explained in this chapter,
m is the slope of the unloading force displacement curve (F-h) when plotted on a

logarithmic scale Log F ~ Log h.

® The observed degree of tip bluntness, d, for the all tips investigated show that the
shape of all the assessed tips could considered to be between a spherical and a conical
shape approximation, i.e. d =2 and d =1, respectively. This clearly shows that, when only

a shallow distance from the tip apex is effectively used for the study of nanoscale
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phenomena, it is not correct to assume that such AFM probe tips have semi-spherical

shape at the apex region.

® In this work, it was found that the result of both the maximum nanoindentation
depth and the residual indent depth were in-line with the degree of tip bluntness evaluated.
Overall, the lower the degree of tip bluntness tended to yield the maximum

nanoindentation depth and the highest resulting indent.

® Asevidenced with SEM micrographs of the tips as different stage of the process, it
could be stated that the proposed procedure is a non-destructive method for determining

the tip apex shape when using a polymer material.

e Asignificant difference, i.e. between 8% and 32%, was found when assessing the
degree of tip bluntness from nanoindnetion tests and from SEM micrographs of the tip
profiles. This discrepancy should be the result of the non-axisymmetric and the non-
spherical nature of the used tips. Indeed, the lack of axisymmetry means that the analysis
conducted on a 2D profile as obtained with the SEM should not be reliable. More
specifically, such 2D data corresponds only to a particular cross-section of a tip and thus,
it is not representative of it 3D shape. In addition, the SEM-based analysis does not take

into account the tip inclination when the probe is in its working position.

® The study also revealed the significance effect of the calibration of both the
cantilever spring constant and the sensitivity PSPD to obtain an accurate and a reliable

force-displacement curve.

Due to the inherent limitation of using 2D data from the tip apex, the validity of this
nano-indentation approach to assess the tip shape is further studied in the next chapter. In
this case, 3D data about the tip apex will be used instead of 2D data from SEM
micrograph.
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Chapter Five Analysis of the AFM nanoindentation approach for tip
shape characterisation using 3D geometry data

5.1 Aim and objectives.

The bluntness degree d was characterised in the previous chapter for four different
tips using the AFM nanoindentation test. In this chapter, it is our objective to further
assess the suitability of this in-situ technique for the tip bluntness assessment. This is
achieved by comparing its outcome with that obtained from the analysis of the three
dimensional (3D) geometry of the real tip shape. In particular, the 3D data for the tip
geometry is obtained by scanning the four probes investigated over a special tip
characteriser as described in Chapter 2. A power law value of d for each tip was obtained
from the extracted 3D data. In addition, based on the experimental data obtained in this
chapter, an assessment is also made to evaluate the suitability of approximating the tip

shape with a perfect spherical cap geometry.

5.2 Introduction

In order to achieve the overall objective of this chapter, 3D geometry data of the
tested tips were required. These were obtained by implementing the reverse imaging
approach where the AFM tips were used to image a tip characteriser, which is a special
test structure consisting of an array of silicon sharp pin-like tips. This technique is
considered here as an in-situ direct approach while the nanoindentation-based technique

investigated in this Thesis can be seen as an in-situ indirect assessment.

Based on the 3D tip profiles obtained with the tip characteriser, first radius of
curvature measurement were carried out using two different methods in 2D and 3D data.
More specifically, this was done to identify discrepancies when using these different

dimensional measurement and also, to use more accurate radius of curvature value for
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further analysis. Second, an analysis of four cross sectional profiles extracted from the
3D data was performed by fitting a power law function over each experimental profile.
In this way, an average value of the power law exponent d was obtained for each tip. This
provided a validation process to compare the values of d obtained by two different
approaches, i.e. the indirect and the direct techniques. Ultimately, further comparison was
presented between the probe tip profiles extracted by these two approaches in addition to
the theoretical assumption of perfect spherical apex. This was achieved to gain more

understanding about the general description of the tip geometry using these different

approaches at the apex region.

This chapter is organised as follows: first, a summary flow chart of both the
experimental set-up and the analysis of the results is presented in the next section. This is
followed by a section that explains the experimental procedure applied to extract the 3D
data of the used set of tips. The next section presents the procedure followed to obtain
radius measurements from the extracted tip profiles until specific length from the tip apex.
Then, Section 5.6 demonstrates the procedure applied to obtain the d value from the fitting
of a power law function on different tip profiles based on 3D data. Following this, in
Section 5.7 starts by comparing the obtained degree of tip bluntness based on the
nanoindentation and power law approaches using 2D and 3D data. In the same section,
the validity of approximating the tip shape as a spherical cap is also made. Finally, the
last section summaries the main findings and conclusions of the work reported in this

chapter.
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5.3 Experimental setup and methodology

Figure 5.1 provides a graphical summary of the overall work conducted in this

chapter.

AFM tips scanned with a
special tip characteriser

U

3D geometry data extraction

¢

3D data approach:

Evaluation of different cross-
section of each tip.

Power law fitting to extract d for

each tip cross section

U

Radius measurements using:

- Radius of curvature equation

- Circle equation

U

Comparison of the Radius
measurement using 2D
and 3D data

\/

Theoretical approach:

Extraction of the perfect
spherical profile for all
cross-sections for each tip.

Nanoindentation approach:

Bluntness degree measurement d
for all the tested tips (Chapter 4)

=

\4
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o

Comparison of tip profile to test the

validity of the spherical cap assumption

V

Comparison of the d value obtained between the
nanoindentation and the 3D AFM scan approaches.

Figure 5.1: Flow chart representing a schematic of the experimental and analytical

procedures implemented in this chapter.
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5.4. Extraction of three-dimensional tip geometry
5.4.1 Methodology

As reported in Chapter 2, various techniques exist to obtain 3D geometry data of
the apex of an AFM tip. Among these, the two approaches that rely on scanning a tip
characteriser and on using a ultra-sharp probe to directly image the considered tip are of
interest. Indeed, they do not require for the user to fabricate a his/her own lab-made
sample and also, they do not need further post-processing once the data have been
obtained. A specific study was conducted by the author and co-workers (Alraziqi et al.
2016) for comparing the accuracy of both the tip characteriser and the ultra-sharp tip
approaches. In this study, SEM profile were used as a reference to evaluate the reliability
of these two techniques. The combination of the achieved qualitative and quantitative
results showed that employing the reverse imaging method with a tip characteriser was
the most accurate technique for obtaining 3D geometry data, especially within a distance
of 100 nm below the tip apex. In addition, as mentioned in Alraziqi et al. 2016, in practice,
this technique is also more straight-forward to implement as there is no need to remove
the tip under investigation from the AFM head. Finally, an important drawbck with the
ultra-sharp tip scan appraoch is that it could sometimes lead to damaging contacts
between both tips. This is due to the fact that precisely locating an ultra-sharp probe over

the inspected tip apex can be a non-trivial process.

For these reasons, the tip characteriser approach is also adopted in this work to
extract the required 3D geometry data of the apex for the four tips investigated. The tip
characteriser employed here is commercially available (model TGT01) from the company

NT-MDT. It consists of an array of silicon sharp pin-like asperities as shown in Figure
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5.2. Other researchers also used the same tip characteriser (e.g. Bykov et al. 1998, Bloo

et al. 1999, Zhenhua and Bhushan 2006 and Neto and Craig 2001) for their studies.

Less than 10
nm tip radiuz

Sharp pin-like asperities (TGT1)

Figure 5.2: (a) SEM image of silicon TGTO1 grating sample (from NT-MDT 2017) (b)
sketch of the nominal geometry between the features according to the manufacturer
(adapted from Bloo et al. 1999)

The procedure implemented in this study to obtain the 3D geometry data of the tips
was as follows. First, the TGTO1 specimen was positioned on the stage of the AFM
instrument. Next, it was scanned by the tips under investigation in non-contact mode with
a scan rate of 0.6 Hz over an area of 5 um by 5 um. An example of such a scan is given
in Figure 5.3. Then, two sharp asperities were selected and scanned individually using the
same scanning parameter. However, in this case, the scanned area was 1.5 pm by 1.5 pm
(see Figure 5.3). Two asperities were examined for each tip in order to take the average
of the quantities extracted later on from such 3D data. This should minimise
measurements errors. Each AFM image were obtained using a resolution of 512 lines

with 512 pixels per line.
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Figure 5.3: Example of an AFM image of the TGTOL tip characteriser scanned by one
of the tested tips, including two scans of sharp asperities and one typical example of the

3D view of one of them.

From the 3D geometry data contained in the AFM scan of one asperity, different
profile cross sections can be obtained. To achieve this, the scan 3D AFM image is
processed in a software package (XEI from Park Systems). This software allows the easy
extraction of many cross section profiles with respect to different angles. As illustrated in
Figure 5.4, in this study, four profile cross sections were selected, namely along an
horizontal orientation (hereafter referred to as the 0°-180° axis), a vertical orientation (i.e.
the 90°-270° axis) and two diagonal orientations (i.e. the 45°-225° and 135°-315° axes).
Both diagonals were oriented at 45° with respect to the horizontal and the vertical axes.

In addition, when processing such AFM an image, the highest point on the tip is found to
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define the centre of all the axes as also shown in Figure 5.4. The 2D coordinates for a
cross section are recorded in an ASCII file for further analysis. In addition, in order to
assess the degree of bluntness by fitting a power law function later on, it is necessary to
define two separate profiles, where the position of the tip apex is at the origin (i.e. at the
position (0, 0)). This step is conducted with the Excel software. In summary, following
this procedure for one AFM scan of a sharp asperity, it is possible to extract 8 profiles in
total (i.e. 2 per cross section). As shown in Figure 5.4, the respective 8 profiles are referred
to as 0°, 45°, 90°, 135°, 180°, 225°, 270° and 315°. The advantage of this procedure in
comparison with that followed in the previous chapter is that it enables the analysis of a
set of profiles which are representative of the 3D geometry of the tip apex. This should

be particularly important when working with non-axisymmetric tips, as this is the case in

this work, to minimise the measurement error when assessing the tip shape.
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Figure 5.4: Illustration of the selection of the (0°-180°), (90°-270°), (45°-225°), (135°-
315°) profile cross sections for Tip 1. In this figure, the horizontal red line is always
along the (0°-180°) axis and the green dashed lines represent the other 3 profiles.4
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5.4.2: Results and analysis

Two 3D AFM images were obtained for all used tips following the procedure
explained in the previous section, Figure 5.5 presents one of the 3D AFM images for each

tested tips.

Figure 5.5: 3D AFM images for the four tested tips after scanning the TGTO1 tip
characteriser
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Figures 5.6, 5.7, 5.8, 5.9 show the different profiles extracted for the 4 investigated
tips along each cross section. The qualitative analysis of these profiles can give an initial
indication about the geometry of tip apex, especially for such non-ideal tip shapes. It is
clear from these figures that, for each tip, there is an obvious difference between the
different profiles obtained as a function of the orientation of the selected cross section.
This implies that the shape of such tips cannot be assessed according to the analysis of
one profile only such as the 2D assessment which was realised in the previous chapter
and which is a conventional practice in the literature. Thus, it is noticed that what may
look like a sharp tip when working with a 2D profile extracted from a SEM micrograph,
could in reality consist of defects or irregularities along other cross sections, which the
SEM cannot distinguish. For example, this is obvious when one compares Figure 4.26
with Figure 5.6 for Tip 1. The further qualitative observation of figures 5.6 to 5.9 also
reveals that, for a given cross section, the agreement between the profiles obtained from
the scan of two different asperities is generally good. The discrepancy observed in this
case, can be due to the expected experimental error and also due to the possible difference
between the sharpness of individual asperities. Indeed, a blunter asperity would result in

a slight overestimation of the tip investigated and also, it would tend to detect less nano-

scale irregularities on the tip apex region.
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Figure 5.6: The obtained four different profiles cross section for Tip 1.
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Figure 5.7: The obtained four different profiles cross section for Tip 2.
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Figure 5.8: The obtained four different profiles cross section for Tip 3.
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Figure 5.9: The obtained four different profiles cross section for Tip 4.
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5.5 Tip apex radius measurements

In addition to the degree of bluntness, d, another parameter has been studied in this
Chapter for the same set of probes, which is the radius of curvature at the tip apex. It is
necessary to correctly obtain this parameter to have a better understanding of the tip
shape. Indeed, the imaging quality of AFM could be affected by changing the radius value
of the non-ideal used tip. In addition, this parameter can also be used to provide an
approximate knowledge about the tip geometry under investigation if its apex was
assumed to be a perfect spherical cap (Calabri et al. 2008). In this study, this parameter
Is also considered as a required factor in order to assess the suitability of the
nanoindentation result (in situ-indirect method), by comparing to other available

technique as will be described later in section 5.7.

Two different methods were studied for assessing the radius. The first one relied on
fitting a polynomial to the extracted profile data over a specific tip height first and then
by calculating the radius of curvature at the inflection point on the fitted profile. The
second method was applied according to the assumption that the shape of the tip ended
by spherical cap. In this case, a circle equation was used to find the radius value for the
used profile. Both methods were applied to 2D data obtained from the SEM images of all

tips first and then to 3D data of all tips after scanning them over the tip characteriser.

5.5.1 Radius measurements applied on 2D SEM data

The 2D profile of the probe tips was obtained from the post-processing of SEM
micrographs as presented in the previous chapter. Using such SEM profiles, the extracted

2D geometry data of the used tips corresponds to the cross-section oriented along the 0°-
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180° axis. Thus, the result achieved in this way does not represent the actual 3D geometry
but only a planar view of the tips. The value of the tip apex radius was evaluated at a

specific height of 50 nm from the tip apex for the sake of comparison.

5.5.1.1 Methodology

For the first method, a polynomial, f (x), must be fitted first to the apex profile data.
Next, the radius of curvature, R.,(x), was obtained at the maximum point of the

polynomial (i.e. at the tip apex) according to the following formula:

L4f! ()23

Rcu(x) = [ fll(x) (5_1)

where f'(x) and f"'(x) represent the first and second derivative of f(x), respectively.

The second method for determining the radius of our tip apexes used the circle
equation. The principle of this method is illustrated in Figure 5.10. It relies on fitting a

circle over the tip profile first. The equation of a circle is given below:
Re* = (x —a)? + (y — b)? (5-2)

where R,; is the radius of the circle, and a and b are the coordinates of the centre of the

circle on the x and the y axes, respectively.
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Figure 5.10: Schematic illustration of the second method for determining the radius,

R.;, of a circle fitted to the profile data of a tip apex.

The y coordinates of the points on the fitted circle along can be expressed as follows:

Yei = \/(Rci)z - (x - a)z +b (5'3)

Thus, the best fitted circle could be obtained by finding the set of values for a, b and R;

which minimising the following error function:
2
error = Zrll(yci - ytip) (5'4)

where n is the number of profile point on the x axis and y.;, is the real y coordinate on

the profile of the tip apex for a given point on the x axis.
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Minimising of this error function was achieved using the so-called “solver”
function of the Excel programme. As a result, a reliable measurement of the tip apex
radius could be estimated taking into account the optimum value of a, b and R.; which

represent the best fit to the experimental profile data as they minimise the error function

defined above.

5.5.1.2 Results and analysis

The fitted polynomial, as required for first method, and the fitted circle, required
for the second method, are plotted in Figure 5.11 for the four investigated tips. It was
decided that the polynomial should be of order six when implementing the first method
as it gave a reasonable fit to the profile data. Also, in this figure the probe tip apex profile
obtained experimentally is shown until 50 nm from the tip apex for each tip. Based on
this data and on the methodology presented earlier, the different radius values could be
obtained for each tip. These are presented in Table 5.1. From this table, it can be seen that
the extracted radius values showed acceptable agreement between the two methods. More
specifically, Tip 1 and Tip 2 have the lowest radius while Tip 3 and Tip 4 show the highest
values. Finally, circles with the radius values obtained by both methods were plotted
directly above the SEM image for the sake of comparison between the results (see Figure
5.12). This was done to support our previous results and to show the compatibility of the

obtained value with the real tip image.

These results now need to be compared with radius calculations completed on the
3D data for further understanding of the estimation of the real shape of tip apexes. This

is the purpose on the next section.
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Figure 5.11: Plots showing the experimental 2D profile, the fitted polynomial and the
fitted circle for the four tips investigated which used in the two methods to calculate R

value.
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Table 5.1: Tip radius values obtained using the different methods.

Radius (nm)
Probe number Method 1: Method 2:
polynomial fitting circle fitting
Tip 1 52.0 67.15
Tip 2 56.0 64.0
Tip 3 75.8 79.8
Tip 4 106.4 96.3

Radius=67.15 nm

Radius=64.0nm
Height=50nm

Height=50nm

W
N

e e e T
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(d)

Radius=96.3 nm |4 y }

i Height=50nm $-—-ﬁw

Radius = 79.8 nm [t EZaiiin <

/

Height = 50nm ‘ :

Figure 5.12: SEM micrographs of the apexes for (a) Tip 1, (b) Tip 2, (c) Tip 3, and (d)
Tip 4. Circles were superimposed on the micrographs using the radius value obtained by
the polynomial fitting (red dashed line) and by the circle fitting method (white line).
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5.5.2 Radius measurements applied on 3D AFM data

5.5.2.1 Methodology

In this section, the two methods presented in the previous section to calculate the
radius of the tip apexes were now implemented on the cross sections obtained from 3D
AFM data after scanning the tip characteriser. In particular, the cross sections used were
those already reported in Figures 5.6 to 5.9. In this way, it is expected that the uncertainty

of the tip radius calculation should be more accurate.

5.5.2.2. Results and analysis

Tables 5.2 and 5.3 present the radius calculated using the polynomial and the circle
fitting method, respectively. In particular, this tables include the results for each of the
considered four profile cross sections, namely 0°-180°, 90°-270°, 45°-225° and 135°-315°
for a given tip and for each of the two asperities scan in each case. In this way, an average
value for the radius could be considered as shown in the last column for each table. It is
obvious from these results that consistent radius values were found using both methods.
More specifically, Tip 3 always exhibits the smallest radius, which is then followed by
Tip 1, Tip 2 and Tip 4 when considering increasing radius values. In addition, it could be
said that first method (i.e. the polynomial fitting) always results in a lower estimation of
the radius than the second method (i.e. the circle fitting). This is due to the fact that the
fit with the first method is better as the polynomial order is relatively high (i.e. order six)

and also, it considers a more local radius compared to the circle fitting. Finally, it could
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be seen from both tables that there is a good consistency between the radius value

obtained from the two different scanned asperities for each cross-section.

Table 5.2: Values for R, obtained with the polynomial fitting method based on

two asperities scan and the average value for each tip

Radius (nm) from Average
_ oy polynomial fitting | Average | Average | . e
Tip - radius for | radius for
number section st nd 1%t asperity | 2"asperity bOt.h.
name = 2" asperities
asperity | asperity (nm) (nm) (nm)
0°-180° 90.4 96.4
. 90°-270° 152.6 143.4
Tip1 457275 100.7 916 117.2 116.3 116.8
135™-315° 125.1 130.9
0°-180° 66.2 70.7
. 90°-270° 185.2 135.2
Tip 2 457275 156.6 1223 128.4 108.8 118.6
135’-315° 105.6 107.2
0°-180° 92.4 81.9
. 90°-270° 148.2 108.0
Tip 3 45075 017 945 1211 93.7 107.4
135°-315° 152.1 90.3
0°-180° 143.6 137.0
. 90°-270° 273.3 203.1
Tip 4 45205 162.6 195.4 180.6 168.8 1747
135°-315° 142.9 139.8

Based on such data sets calculated by different methods, we can assess which
methods should be considered most valid and more accurate for further analysis which
will be conducted in the next section. For this reason, a systematic comparison between
both methods is presented with Figure 5.13 and Figure 5.14. In these two figure, the radius
values measured along the cross section 0°-180° are plotted using both 2D data from SEM
micrographs and 3D AFM scans. More specifically, this process consists of first obtaining

the average radius value from the two asperities scan for each tip as indicated in Table
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5.2 for the first method and Table 5.3 for the second method. Secondly, for a given radius
assessment technique, the difference in radius value obtained between both 2D and the
3D approach are plotted. For this particular analysis, the radius assessed from a 2D SEM
profile can be considered as a reference. It is clear from both Figures 5.13 and 5.14 that

first method (i.e. the polynomial fitting) shows a better agreement between both the 2D

and 3D approaches.

Analysis of the AFM nanoindentation approach for tip
shape characterisation using 3D geometry data

Table 5.3: Values for R,; obtained with the circle fitting method based on

two asperities scan and the average value for each tip

Radius (nm) from R
. o ge
. Cross- circle fitting Av_erage Av_erage radius for
Tip . radius for | radius for
section < . nd . both
number 15t ond 1% asperity | 2"asperity "
name . . asperities
asperity | asperity (nm) (nm) (nm)
0°-180° 114.0 115.0
. 90°-270° 172.0 150.0
Tip1l 45225 1220 112.0 139.3 132.3 135.8
135™-315° 149.0 152.0
0°-180° 86.0 85.0
. 90°-270° 197.0 158.0
Tip 2 45 225" 1670 1300 145.6 124.9 135.3
135-315° 132.4 126.6
0°-180° 113.9 106.7
. 90°-270° 167.1 130.0
Tip 3 45275 1135 1138 141.9 1155 128.7
135-315° 173.1 111.6
0°-180° 164.0 159.0
. 90°-270° 192.6 224.0
Tip 4 45°275° 1820 5170 176.7 190.0 183.3
135™-315° 168.0 160.0
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Figure 5.13: Plot of R, values for each tip apex along the 0°-180° profile cross

section obtained with both SEM and AFM data based on the polynomial fitting
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Figure 5.14: Plot of R.; values for each tip apex along the 0°-180° profile cross
section obtained with both SEM and AFM data based on the circle fitting method
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In addition, from Figure 5.15, it is also obvious that the total average difference in
radius measurement obtained between the 2D and the 3D data when analysed with the
polynomial fitting method is lower than when processed with the circle fitting method.
Besides, the standard error obtained is also lower in this case as illustrated also in Figure
5.15. So, based on the quantitative analysis conducted here, it can be said that the
polynomial fitting method provides more reliable radius values in comparison to than the
circle fitting method. However, one of the sources of the slight deviation between both
set of methods in radius measurement is identified as follows. The results presented here

also imply that the used tips should not be consider to exhibit a perfect spherical shape

even in a region as small as 50 nm from the tip apex.

. Average Standard Error (nm
Average difference c -

in radius value (nm)
60 r

Radius of curvature equation 761

Circle equation 036

50

40 t

30 |

20

10

0 L )
Polynomial Fitting Method Circle Fitting Method

Figure 5.15: Plot for the total average difference in radius value between the 2D

and the 3D data for both the polynomial and circle fitting method.
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5.5.3 Comparison the radius measurements between the 2D and the 3D data

As was discussed in Section 4.5.2, it is expected that there should be a discrepancy
between the assessments of the tip bluntness when the analysis is conducted on 3D data
or on 2D data only. Table 5.4 shows that this is also the case when the quantity under
investigation is the radius of the tip apex. In particular, Table 5.4 presents the total
percentage error in radius values between the 2D and the 3D data when using both the
polynomial and the circle fitting method. It can be seen from this table that analysing the
2D data leads to a consistent underestimation of the radius measurement. Overall, the
percentage error obtained with the polynomial fitting method was measured to be between

30-55%, while this value was between 38-53% in case of the circle fitting evaluation.

Table 5.4: Percentage error in the radius assessment between 2D SEM data and 3D

AFM data for both the polynomial and the circle fitting method

Radius, R, , (nm) from Radius, R.; , (nm) from
Probe polynomial fitting % circle fitting %
number [ 2D SEM | 3D AFM | difference | 2D SEM | 3D AFM | difference
data data data data
Tip 1 52.0 116.8 55% 67.2 135.8 51%
Tip 2 56.0 118.6 53% 64.0 135.3 53%
Tip 3 75.8 107.4 30% 79.8 128.7 38%
Tip4 106.4 174.7 39% 96.3 183.3 48%
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5.6 Assessment of the degree of tip bluntness from power law
fitting on 3D data

In this section, the focus is on estimating the degree of tip bluntness, d, from profile
data similar to the work conducted in Chapter 4. However, this time, the tip profiles are
obtained from the 3D AFM scans of the tip characteriser instead of from the 2D SEM
data as was the case in Chapter 4. Thus, the procedure followed is the same as that
explained in section 4.5.2 and already illustrated with Figure 4.28. More specifically, this
procedure is now applied on the four different profile cross-sections extracted for each
tip (see Figures 5.6 to 5.9). For each profile, a power law function was fitted on the data
to extract the power law exponent, d, which describes the profile geometry of the indenter
tip. Basically, the value of d was estimated for two profiles extracted from one cross-
section as a function of radial distance from the tip apex (see Figure 4.28 for a reminder

of the procedure followed). Thus, by fitting the following equation:
htip (r) = Bard (5-5)

which was already described in Chapter 4, both value of B; and d could be obtained for
all the probes tip profiles. As mentioned previously, in order to minimize the error, this
analysis was carried out from the 3D AFM scans of two asperities for each tip. Tables 5.5
and 5.6 summarise the results for each of the two asperity scans while Table 5.7 provides

the average d value obtained from the two asperities scan for all tips.
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Table 5.5: Assessment of the degree of bluntness, d, obtained from 3D scans of the first

asperity using power law fitting on the extracted profiles

pr-I(-)IfFi)Ie Tip 1 Tip 2 Tip 3 Tip 4
0 1.40 1.87 1.42 2.30
180° 1.45 2.20 1.44 1.22
90" 1.92 1.88 1.30 121
270° 1.82 2.18 1.44 1.46
45° 0.82 1.70 1.30 2.10
225° 0.80 1.77 1.60 1.70
135° 1.62 1.77 1.49 0.75
315° 1.60 1.90 1.30 1.60
Average 1.43 1.91 141 1.54

Table 5.6: Assessment of the degree of bluntness, d, obtained from 3D scans of the

second asperity using power law fitting on the extracted profiles

prz'fﬁ’le Tip 1 Tip 2 Tip 3 Tip 4
0 1.50 2.23 1.41 1.12
180° 1.60 1.95 1.60 2.27
90° 1.60 2.20 1.24 1.12
270° 2.25 2.10 1.50 1.28
45° 0.85 1.73 1.11 1.72
225° 0.71 2.04 1.40 2.56
135° 1.65 1.76 1.80 1.45
315° 2.53 1.63 1.85 2.20
Average 1.59 1.96 1.49 1.72

Table 5.7: Average value of the degree of bluntness, d, for all tips from data in Tables

5.5and 5.6
Tip . . . .
profile Tip 1l Tip 2 Tip 3 Tip 4
Average 151 1.93 1.45 1.63
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From Tables 5.5 and 5.6, it can be noted that a small variation in the d values
assessed could be found for one specific profile when comparing two scanned asperities.
The possible explanation for this issue is due to the fact that: (a) the geometry (height and
radius) of the asperities present of the used tip characteriser (i.e. TGT01 sample) from the
manufacturer is not perfectly consistent and (b) slightly different scanning parameters

were used during the imaging process for the feedback loop that controls the height of the

probe.

Overall, the average results presented in Table 5.7 gives a range of d values of the
bluntness degree which are comprised between 1.45 and 1.93. From this data, it can be
inferred that the order of the tips from the sharpest to the bluntest is as follows: Tip 3, Tip
1, Tip 4 and Tip 2. It is worth mentioning that this order is matching the order already
found in Chapter 4 when the degree of bluntness, d, was extracted from the
nanoindentation approach. It is also worth recalling that this agreement was not found, in
the previous Chapter, when comparing the results obtained from the nanoindentation data

and the 2D SEM data.

5.7 Comparison and validation of different tip shape assessment
approaches

5.7.1 Nanoindentation and power law approaches using 2D and 3D data

The main objective of this chapter was to further assess the suitability of the
proposed in-situ technique for tip bluntness assessment using the AFM nanoindentation
approach by comparing its outcome presented in Chapter 4 with that obtained from the

analysis of the 3D geometry of the real tip shape. Table 5.8 gives a summary of the
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average value of the degree of tip bluntness, d, obtained using the three different
approaches, namely the application of (1) the rescaling formula on nanoindentation data,
(2) the power law function on 3D geometry data and (3) the power law function on 2D
geometry data. The table also presents the percentage error between the nanoindentation
approach and the power law approximation from both 2D and 3D data. The value of d
described by the 3D data approach presented a good consistency in the approximation of
tip order comparing to value of d obtained with the nanoindentation approach. It is clear
from this table that a better agreement was found in this Chapter between the
nanoindentation and the power law approaches when 3D data are considered. This result
increases the confidence in the fact that the tip characterisation technique proposed in this

Thesis could be considered as a reliable approach for the in-situ assessment of AFM

probes.

It is worth noticing that the degree of tip bluntness extracted from the 3D AFM scan
via the power law fitting is always slightly larger than obtained from the nanoindentation
tests. As discussed in Chapter 2 and observed in Alrazigi et al. (2016) and in Mukhtar
(2017) for instance, the characterisation of the tip shape via the inverse imaging method
using a tip characteriser may lead to a small overestimation of the volume of the tip
investigated. In addition, it should be mentioned that when applying the power law
approximation on 3D data, the manual selection of the tip profile should be considered as
a factor which may affect the error between the nanoindentation-based and the AFM scan-
based approaches. This issue should be especially important for such non-ideal tip apexes
at such small scale. Addressing this potential issue is the focus of the next chapter.
Finally, such comparison is also inevitably affected by minor errors associated with each

experiment circumstances (acoustic vibration and sample roughness).
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Table 5.8: Bluntness degree, d, obtained for the four tips considered using

different approaches and the error percentage between them

d from Percentage Percentage

Ti nanoindentati d from 3D difference d from 2D difference
P (AFM) data between (SEM) data between

No. on tests . . - .

(Chapter 4) (Chapter 5) | nanoindentatio | (Chapter 4) | nanoindentation

n and 3D data and 2D data
1 1.34 151 11.3% 1.45 7.59 %
2 1.92 1.93 0.5% 1.33 30.73%
3 1.18 1.45 18.6% 1.74 32.18 %
4 1.37 1.63 16.0% 1.57 12.74 %

5.7.2 Assessment of the tip shape when approximated as a spherical cap

Conical indenter probes are considered by some researcher as a cone that is ended
with rounded apex (Van Landingham et al. 2005; Burnham and Colton 1989; Ma et al.
2012; Chiu and Ngan 2002). More specifically, this rounded apex is described as a
spherical cap and the transition from this geometry to the full conical shape is defined
with a height limit. In this study, we would like to check to which extend this assumption
agrees with our experimental data. Therefore, the height limit for the spherical cap
geometry is taken to be equal to h,,,,, from the tip apex, as illustrated in Figure 5.16. It is
recalled that h,,,, is the maximum depth that each tip achieved during the
nanoindentation test results. The selection of h,,,, for this purpose was necessary such

that a valid comparison could be made with our experimental data.
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¢ hmax

Figure 5.16: Schematic of the profile of a conical tip ended with a spherical cap
of radius R. h,,,, represents the height limit for the tip apex at which the probe

geometry transitions from a spherical to a conical shape.

In reality, the case of AFM conical tips at a small depth from the apex region should
exhibits some differences from the ideal spherical geometry, since they do not possess
perfect axisymmetric body shape. To check the validity of the spherical cap assumed by
some researchers against the results of the bluntness degree d obtained in Chapter 4, the
following comparison should be made:

o First: the error between the experimental profile data along different tip cross
sections and the corresponding theoretical profile when it is assumed to be described by

the cross section of a spherical cap. In this case, this means that d is equal to 2. In Cartesian

coordinates, for a spherical indenter, the profile of the apex is described by y = % (Hertz

1896), where R is the radius of the sphere. In this work, R was obtained for each tip cross
section by applying the approach described in Section 5.5 and taking into account the

value of h,,,, for each tip.
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Second: the error between the experimental profile data along different tip cross
sections and the corresponding profile when it is assumed to be described by a power law

function where d is that obtained from the nanoindention approach.

In this research, these comparisons are carried out along the different cross sections
already defined earlier using 3D AFM data. In this case, four different cross sections were
used for each tip. In addition, each cross section was split into a left and right profile as
discussed earlier in Section 5.6. For the sake of brevity, Figures 5.17 until 5.20 present
the different profile data extracted as described above for Tip 1 only. Each plot includes
the tip profile from the experimental 3D data, the theoretical profile for the case of a
perfect spherical cap tip (i.e. when d=2) and also for the case of the power law fitting
when d is equal to that obtained from the nanoindentation tests. The value of both axes
on these plots have also been rescaled, such that the maximum value on an axis is 1, in
order to ease the qualitative comparison between the different plots. Appendix A2
provides the same plots in the case of Tip 2, Tip 3 and Tip 4 (see Figures A2.1-A2.12).
According to Figures 5.17 until 5.20, which represent a qualitative comparison, it is
clearly shown that there is an overall good agreement between the tip profiles plotted with
these three approaches. Finally, Figure 5.21 presents a quantitative comparison of the
accuracy between the theoretical profiles obtained with the spherical cap assumption
against the real profiles extracted from the reverse imaging method (i.e. from the 3D AFM
scan of the tip characteriser). In addition, this figure shows the same quantitative
comparison when profiles are reconstructed based on the bluntness degree d obtained in
Chapter 4. Specifically, the error bars plotted in this figure represent the sum of the errors
between the y coordinate (i.e. the height) of the experimental profile and that obtained

with both profile reconstruction approaches for the four cross sections considered for each
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tip. It is clear from this figure that for all tips, the spherical assumption led to the largest

error from the experimental data.
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Figure 5.17: Qualitative comparison, for Tip 1 along the 0°-180° profile cross section,

of the experimental profile obtained with the reverse imaging method, the profile

reconstructed with the spherical assumption (i.e. Hertzian fit) and that reconstructed by

considering the d value of the power law function equal to that obtained from the

nanoindentation tests.
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Figure 5.18: Qualitative comparison, for Tip 1 along the 90°-270° profile cross section,
of the experimental profile obtained with the reverse imaging method, the profile
reconstructed with the spherical assumption (i.e. Hertzian fit) and that reconstructed by
considering the d value of the power law function equal to that obtained from the

nanoindentation tests.
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Figure 5.19: Qualitative comparison, for Tip 1 along the 45°-225° profile cross section,
of the experimental profile obtained with the reverse imaging method, the profile
reconstructed with the spherical assumption (i.e. Hertzian fit) and that reconstructed by
considering the d value of the power law function equal to that obtained from the

nanoindentation tests.
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Figure 5.20: Qualitative comparison, for Tip 1 along the 135°-315° profile cross section,
of the experimental profile obtained with the reverse imaging method, the profile
reconstructed with the spherical assumption (i.e. Hertzian fit) and that reconstructed by
considering the d value of the power law function equal to that obtained from the

nanoindentation tests.
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Figure 5.21: Total difference between the experimental data and the spherical cap
assumption (i.e. d=2) and the nanoindentation tests (i.e. d obtained from the
nanoindentation tests) for each tip.

5.8 Summary

In this chapter, the reverse imaging technique was used to obtain the 3D geometry
data for all the used tips in the Chapter 4. In particular, a tip characteriser consisting of
an array of sharp-pin like asperities was employed. The rationale behind the selection of
this technique was based on the results of a former study made by the author when
assessing the reliability of different 3D characterisation technique for AFM tips. Based
on these data, the tip radius values were evaluated according to fixed length of 50 nm
from the tip apex. These values were obtained using two different methods, firstly by
performing a “polynomial fitting” and secondly a “circle fitting” on the experimental data
obtained with the reverse imaging technique. It was observed that both methods agreed
when ordering the tips from the lower to the higher tip radius values. However, it was

also noted that a slight overestimation when applying the “circle fitting” method.
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In addition, the degree of tip bluntness, d, was also measured for each tip using the
power law fitting on 3D AFM data. More specifically, an average d values was obtained
from profiles extracted along more four cross-sections taking into account data which
corresponded to the maximum penetration depth, i.e. h,,,, recorded for each tip in
Chapter four. Based on the observed results, it could be said that a better agreement was

found in this Chapter between the nanoindentation and the power law approaches when

3D data are considered.

The most important findings from this chapter are as follows:

o Assessing the radius value of non-axisymmetric tips should require the analysis
of 3D data describing the geometry of the apex rather than 2D data only. Indeed, based
on the radius assessments of the four tips considered in this research, it was found that
the discrepancy between both approaches was always over 30%, which should not be

considered insignificant.

o The nanoindentation-based and in-situ tip characterisation technique proposed in
this Thesis was further validated. This is due to the fact that a good agreement was found
between this technique and the power law fitting approach applied on 3D data for
evaluating the degree of tip bluntness. In fact, and as one could expect, a better agreement
was achieved here when the power law fitting is carried out on 3D data rather than on 2D

data only as reported in Chapter 4.
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o Despite being a common assumption in some of the literature, it was found that
approximating the tips considered in this work as having an apex described with spherical

cap was less accurate than describing them with a power law function with a degree

smaller than two.
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6.1 Aim and objectives:

The main goal of this chapter is to investigate the possibility of using a
mathematical model that could estimate the actual shape of an AFM tip apex in term of
the degree of bluntness, d, described in previous chapters. The specific motivation here
Is that the complete set of 3D data should be used instead of selected cross sections as
was the case in Chapter 5. Also, the developed model can also be employed to validate
the results obtained in both Chapter 4 and Chapter 5. Based on a simple mathematical

assumption, two new analytical methods were proposed for this purpose.

6.2 Introduction

As it was presented in Chapter 5, the actual shape of the tested tips were assessed
by the selection of some tip profile cross-section to extract average value of the power
law exponent d. This power law exponent is considered as a key parameter to describe
the AFM tip real shape. In the previous chapter, more than one profile cross-sections were
utilised (specifically eight such profiles for each tip). It was shown that this led to a better
agreement with the results obtained in Chapter 4 (i.e. from the nanoindentation approach)
in comparison with using 2D SEM data only. This is due to the non-axisymmetric
characteristic that these kind of commercial tips exhibit. Thus, it is essential to understand
whether the tip shape assessment conducted from the selection of a few orthogonal cross-

sections may bring an erroneous approximation of the real tip shape.

In order to address this potential issue, two novel methods have been proposed in

this chapter. More specifically, these methods rely on analysis the full set of volumetric
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data until a specific length limit from the tip apex. There is clear evidence from the
literature that the true volume measurement of an AFM tip could provide an accurate
information about the apex geometry (Bloo et al. 1999, Maw et al. 2002, Chung et al.
2005, Bhushan and Kwak 2007, Gozen and Ozdoganlar 2013 and Liu et al. 2010). The
first method consists in evaluating a simple measure define as a “volumetric ratio”. The
second method relies on a simple double integral to extract the main parameters (i.e.

B, and d) that are used to describe the 3D shape of the tip with an homogenous function

as already explained in Chapter 3.

This chapter is organised as follows. The next section is concerned with the
description of the mathematical model assumed to evaluate tip real shape. In practice, the
3D geometry for the same set of tips that were used in both Chapter 4 and 5 was processed
further to obtain volumetric measurements. This procedure is outlined in Section 4. These
volumetric values were finally utilised in Section 5 to present two novel methods for
assessing the geometry of the probe tip. Finally, based on the results obtained for both
methods implemented in this chapter, a comparison was made to validate the different
approaches presented in the Chapters 4, 5 and 6 of this Thesis when assessing the degree
of tip bluntness, d. The last section presents the main conclusions and findings from this

chapter.

6.3 Mathematical approach

At low load and shallow nanoindentation, which is the case for the experimental
work completed in this Thesis, it is not possible to assess the volume of the tip based on
the dimensions of the imprint left after completing the unloading process. This is due to
the expected influence of the elastic recovery of the indented material. For this reason,

the nanoscale volume of the tip apex that penetrated inside the sample during
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nanoindentation tests was measured experimentally using an alternative approach as

follows:

a) The 3D geometry data of the AFM tip was obtained first via scanning it over the
tip characteriser as described in Chapter 5. It was suggested that this technique provided

the most accurate 3D data about the apex geometry (Alraziqi et al. 2016).

b) The depth-sensing nanoindentation curves were used to provide the specific
value of h,,,, that each tip penetrated inside the sample. This value was then employed
as the specific length limit from the tip apex over which the 3D geometry data could be

analysed.

The above experimental information provides the main data required to establish
our proposed mathematical model to assess the bluntness of AFM tips. Based on these
data, two novel mathematical models could be investigated. First, it is proposed to

calculate the ratio of the volume of the tip, V;;,, to the volume of an imaginary cylinder,

Vey:

in which the tip is contained. Second, a numerical method is proposed based on
describing the tip volume with a double integral and solving this integral as a function d
such that the calculated volume agrees closely with the experimental 3D data. Figure 6.1
illustrates the different basic volumetric data utilised to implement the proposed models.

In addition, Figure 6.2 shows the flow chart of all the procedures conducted in this

chapter.
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Figure 6.2: Overview of proposed procedure followed in this chapter.
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6.4 Volumetric data

6.4.1 Tip volume measurement

In this section, a description of the process used to measure the tip apex volume,
Viip, Is provided. The 3D data about the tip geometry were considered until a specific
height limit which correspond to the maximum penetration depth of the tip into the
material during nanoindentation, i.e. h,,4,. This means that the same height limit was
used here and in both former chapters (i.e. Chapters 4 and 5). In this way, a valid
comparison could be conducted later on. According to the 3D data provided for each tip
and the information regarding each tip height limit, we can estimate precisely the volume

of each tip apex.

From the AFM data, a two-step process was followed to identify the relevant set of
3D points which belonged to the height interval between the tip apex and h,,,4,. This set
of points are then used to calculateV;,,. The first step, which is illustrated with Figure 6.3,
1s a coarse selection where a “boundary region” around the tip apex is defined. This region
contains all the relevant points but also some which are outside the height interval
between the tip apex and h,,,,, and which will be discarded during the second step. Figure
6.3(a) shows the 3D AFM image for a given tip (i.e. Tip 1 in this example). Figure 6.3(b)
gives the SEM image of the tip apex. Figure 6.3(c) shows the selected boundary region.
This coarse selection relied on analysing two perpendicular cross sections. In particular,
in this figure, the line (A-A) represents the 0°-180° cross section while (B-B) is the 90°-
270° cross section. Comparing the different cross section data with the 3D AFM image

shown in Figure 6.3(c) confirms once more that SEM data provide limited information
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for the purpose of assessing the shape of AFM probe tips, as discussed in previous

chapters.
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Figure 6.3: (a) 3D AFM image (area: 650 nm x 650 nm) around of the tip apex
corresponding to a total height of about 350 nm (b) SEM image of the corresponding tip
(i.e. Tip 1) and (c) identification of the apex region inside the boundary limit with the

analysed cross sections.
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An AFM image contains a set of 3D points described by their X, y, z coordinates. The x
and y data are generated by the x-scanner and y-scanner movements of the stage,
respectively. The z-scanner operates the vertical motion of the AFM probe through the
close feedback loop. In this way, the z coordinates can be recorded for each data points.
During the acquisition of an AFM image, the raster scan strategy is employed. This means
that the data are recorded line by line and that all points along one line have a fixed y
coordinate. Based on the data contained in the “boundary region”, a fine selection step is
performed to make sure that only the relevant points are subsequently used in the
calculation of V;,. In particular, within this region, the point with the highest z coordinate
is identified first. Then, the difference between the z coordinate of each point within this
region and that of the highest point is evaluated. In this way, any point which does not
belong the height interval of interest, h,,,,, IS discarded. Figure 6.4 plots all the profiles
within the “boundary region” for Tip 1. It is obvious that in this case only 10 profiles

were detected inside this region. The higher the value of h,,,, obtained for a tip means

the bigger the boundary region and thus, the higher the number of profiles.

Then, the required value of V,;,, was simply measured by multiplying the sum of
the measured height for each data point by an elementary area. More specifically, the
elementary area used here was defined as the product of the distances between two data
points in both planar coordinates. So, after extracting the relevant 3D data as describe

above, Vi, was calculated using the following equation:

Viip = Xzt zx . Ax . Ay (6-1)
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where n is the total number of relevant points selected, zx is the height of the tip for the
k™ point, while Ax and Ay represent the resolution of the AFM scan. More specifically,

Ax is the distance between two pixels along the x axis and 4y is the distance between two

pixels along the y axis.
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Figure 6.4: Plot of the cross-section profiles for Tip 1 contained within the “boundary

region” and illustration of the fine selection step.

6.4.2 Imaginary cylinder volume measurement

The concept of the imaginary cylinder was already explained in section 6.3 and
illustrated with Figure 6.1. Based on the 3D AFM data, the volume of the outer imaginary

cylinder can be estimated by:
V=71 XRZ%X hpgy (6-2)

where R, is the radius of the base of the imaginary cylinder. In order to estimate R, , the

following equation was used
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R = R(9°—180°) TR(90°-270°) (6-3)
T 2

where Rge_1g0) and Rgpo—770°) represent half of the length of the 0°-180° profile cross
section along the horizontal axis and along the 90°-270° cross section, respectively. The
procedure was adopted because of the fact that all the tested tips in this work had a non-
perfect circular base. Thus, an average radius estimated from two cross section is
assumed to be sufficient to minimise the error when estimating R,, as illustrated in Figure

6.5.

(90°-270°) centred profile cross section

A

(0°-180°) 2R, _
centred "] Circle
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section —

Figure 6.5: Top view illustration of the concept used to estimate the radius of the

imaginary cylinder.

6.4.3 Numerical analysis for tip geometry assessment

In this section, we propose a new analysis to assess the tip shape according to a
simple volumetric measurement. Basically, a numerical equation is established to express
the tip volume. This equation is a function of Bq and d. Thus, based on the experimental
knowledge of the tip volume, which was achieved in section 6.4.1, these two parameters
can be found numerically. Practically, the experimentally value of each tip apex volume
until a specific length limit h,,,, should be utilised to achieve this analysis. A number of

169 | Page



Chapter Six Theoretical investigations using volumetric
measurements to estimate the shape of AFM tips

stages are involved in deriving this equation. First, the volume of the tip at a given height

from the tip apex is expressed as follows:
Vtip = chl - Vunder_tip (6'4)

where V., is the volume of the imaginary cylinder, as presented in section 6.4.2 and
Vunder tip 1S the volume within the imaginary cylinder which is under the tip region. All
of these volumetric measurements have already been estimated from experimental data
(c.f. Table 6.1). Here, the quantity Vpqer ¢ip 1S NOW also expressed theoretically, using
double integration, as a function B4 and d. Figure 6.6 shows a schematic to illustrate the
principle for calculating the volume of the region under the tip. In particular using polar
coordinate and the elementary volume represented by the shaded region in Figure 6.6,

this volume can be expressed as follows:
21T R, d
Vinder tip = fo fo Byr®rdrdo (6-5)

Solving the inner integral gives:

Rg+2
a+2

do (6-6)

21
Vunder_tip - fO Bd

Finally, we obtain the following expression to describe V. qer 1 as a function Bq and

d:
Rg+2
Vunder_tip = 21By d+2 (6'7)
Equation (6-6) can now be re-written as follows:
2 R*d+2
Viip = TR?Ringx — 2B —— (6-8)
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where R, and h,,,, are a specific measured experimentally extracted for each tip. The
only unknown quantities in equation (6-8) are B; and d . These two quantities can be
extracted by establishing a numerical method to solve this equation. Thus, this provides
another route to estimate the required parameters to describe the actual shape of AFM

tips. The implementation of this numerical analysis will be explained in more details in

section 6.5.2.
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Figure 6.6: Schematic illustration of the elementary volume forV,,,qer ¢ip -

6.5 Results and discussion

6.5.1 A new tip shape assessment metric: the volumetric ratio

For each of the four considered tips, the volumes V;;, and V,,, were calculated
based on the methodology presented in the previous section. This enabled the calculation

of a new tip characterisation metric, V,.4+;,, USing a simple expression:

Vratio = Vtip / chl (6'9)
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It is suggested that V,.,;;, may be considered as a possible metric to approximate the tip
bluntness. Indeed, it should be expected that the blunter the tip then, the higher should be

its Vy.q¢i0. Table 6.1 presents the results obtained when assessing Vi, Vi and Vy.q¢, for
all four tips. The volume under the tip, Vynaer ¢ip, 1S also provided in each case. In addition,
the theoretical V,..¢;, IS also reported for the hypothetical cases where the tip would be a

perfect cone (PC) or a perfect spherical cap (PSC).

Table 6.1: Experimental results for the tip volume, the imaginary cylinder volume, the
volume under the tip and the volumetric ratio metric for each tip. This metric is also

given for the theoretcial cases of a perfect concial tip and of a tip decribed as a spherical

cap.
Theoretical U‘eq?ct)'fgl
Tip Vtip chl Vunder_tip : Vratio for a ratio
Number 3 3 (nm3) Wt perfect Sanless
(nm?) (nm?) spherical
cone

cap

1 50076.7 107523.3 57446.6 0.47 0.33 0.51

2 45596.0 86413.2 40817.2 0.53 0.33 0.51

3 271929.4 | 699616.5 | 427687.2 0.39 0.33 0.51

4 58,082.4 | 122200.7 64118.3 0.48 0.33 0.51

As it can be seen from this table, Tip 3 presents the lowest V,.,¢;, Value, i.e. 0.39.
This should indicate that it is the sharpest among the four tips considered. In addition, the
tip bluntness increases in the following order: Tip 1, Tip 4 and finally, Tip 2. This result
agrees with the findings presented in the previous Chapter. A more detailed comparison
will be provided later on in section 6.5.1.2. In addition, Figure 6.7 plots the measured

Vratio fOr each together with the theoretical value of this metric for the hypothetical PC
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and PSC cases. It is clear from this figure that the V,.,;;, estimated for Tips 1,2 and 4
approximate that of a PSC. On the other hand, the V,,, for Tip 3 was found to
approximate the geometry of a PC rather than that of a PSC. A possible theoretical

explanation for this result is now be discussed in the next sub-section. The work done in

this subsection has been published in (Alraziqi et al. 2016).

Vratio

1.00

0.80 r

0.60 r

040

0.20

0.00 ' ' ' '
0 1 2 3 4
Tip number.

Experimental V, PC ratio PSC ratio

Figure 6.7: Comparison of the plots of the experimental Vatio for each tip against the

theoretical Vratio for a PC and a PSC.
6.5.1.1. Influence of tip linear portions on the V,.,;;, Metric

The above result for Tip 3 may be explained as follows. Although it is not possible
to assume that in practice, this tip is not ideally sharp, and thus should not lead to a V.44,
equal to that of a perfect cone, it is possible that a horizontal layer of its 3D volume
displayed flat surfaces. In this case, it could be theoretically assumed that the profile of

such a tip presents a spherical portion and a linear portion, as illustrated in Figure 6.8, for
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the sake of the argumentation presented here. In particular, this figure shows a schematic
of a hypothetic tip profile plot for a total height, h, = 40 nm, and a total radius, r> = 40
nm. This figure shows how the different portions of an apex profile (i.e. the profile from
the spherical cap portion and that from a linear portion) contribute the value of Vi and
ultimately, to that of the V,.,;;,. Based on the theoretical profile shown in this figure, we

can calculate the V,4:i, as a function of the length of the linear portion. This is now

explained below.

100
Fegion 1: Spherical cap volume
Fegion 2: Cylinder volume
80 | | Region 3:Volume of half of a hollow cylinder
60 |k
h 40
nm
(m) 2 3
20
Ay
1
D L. 1 1 1 1 i 1 1 ]
0 10 20 30 40 50 G0 70 80
n 72 (nm)
Spherecal cap portion Liner portion

Figure 6.8: Schematic description of the geometry of a hypothetical tip profile for

a total radius, r. = 40 nm, and a total height, h, = 40 nm.

As illustrated in the schematic of Figure 6.8, the total value of the tip volume can be
calculated by adding the volumes of the all the portions present in its geometry. Portions
1, 2 and 3 respectively represent the volumes of a spherical cap, V2, of an inner cylinder,
V1, and that of half of a hollow cylinder, V3, which has a height equal to h, — hy; and a
thickness equals to r2 — r1. Based on these different portions, the theoretical V,.,;;, can be

calculated using the following equation:
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Vratio = (V1+ Vot V3) [ Viyi (6-10)

Figure 6.9 plots the theoretical V,..¢+;, as a function of the length of the linear portion. All
the calculations and equations used to prepare this plot based on equation (6-10) are given
in the Appendix A3 (see equations A3.1-A3.5) in addition to further 3D description of
the different portions that the tip apex consists of for this specific theoretical case. From
Figure 6.9, it could be said that as the straight line portion increases, the calculated V.4,
value decreases. In particular, it can be seen from this figure that the highest values for
the Vratio are located in the spherical cap region (i.e. region A). Once tip starts exhibited a

linear portion (i.e. Region B), this ratio start to reduce.

Based on these theoretical results, it may be said that the reduced Vratio value for
Tip 3, which was reported in Figure 6.7, could be due to a relatively large contribution of

the linear portion to its geometry in comparison with other tips.

Vatio Region A - Spherical cap
1.00 Region B - Spherical cap + straight line
0.90 r
—>|< >
0.80 Region A Region B
0.70 r
0.60 r
0.50
0.40
0.30
0.20 1 1 1 1 1 J
10 20 30 40 50 60 70 80
r r
Spherical cap ratio Spherical cap and Liner ratio
PC ratio PSC ratio

Figure 6.9: Theoretical V.., as a function of the contribution of a linear portion in the

geometry of a tip profile.
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6.5.1.2. Method validation

To check the validity of this new metric, the V,.,;;, value for two different distances
from the tip apex were also evaluated in addition to the values already calculated for each
tip case until h,,,,, as reported earlier. More specifically, these two distances
corresponded to a height limit of 10 nm and 20 nm from the tip apex. These additional
calculations of the V,.4;:i, corresponding to these two different heights were conducted to
check the consistency of the results obtained with this new metric. In particular, it is
expected that the further this distance is from each tip apex, then the lower will be the
value of the V,.,;;,. Figure 6.10 shows the results for the V,.,;;, for each of these different

distances from the apex for all the tested tips.

1.00 Yratio = Vratio (10 nm)

= Vratio (20 nm)

Vratio (hmax)
0.80 r
0.60 0.53
0.48
0.40
0.20
OOO 1 1 |T|p
Tip1 Tip 2 Tip 3 Tip 4 name
hmax =125nm hmax: 12 nm hmax: 27 nm hmax: 14 nm

Figure 6.10 Variation of V,.,;;, measurement when estimated at different distances from

the tip apex, namely 10 nm, 20 nm and h,,,,, for each tip.
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From Figure 6.10, Tip 3 presents the lowest V,.,;;, regardless of the distance
considered from the apex. This was an expected result because Tip 3 was previously
found to be the sharpest tip among the group of probes investigated. On the other hand,
Tip 2, which was identified earlier as the bluntest, exhibits the highest V,.4:i,. In addition,
it should be noted from this figure that for each tip, the V,,:, decreases when the
considered distance from the apex increases. As mentioned earlier in section 6.5.1.1, this
should be due to the contribution of the linear portion of the tip geometry. Overall, it
could be said that this new metric, which based on simple volumetric measurement, could
bring an acceptable description of a tip bluntness condition, which takes into account its

3D geometry rather than just a selected cross section.

Furthermore, for the purpose of validating this new metric, the V.4, results were
also compared with those obtained using the nanoindentation test to evaluate the degree
of tip bluntness. d. This comparison is shown in Figure 6.11. The value of V,;, of each
tip are in good agreement with the results obtained in Chapter 4 when estimating d.
Indeed, this comparison highlights that both approaches provide identical results with
respect to ordering the tips as a function of their bluntness (always tip 3 with low V,.;,

means (sharper), while tip 2 always with higher V,.,;;, means (blunter).

As it was mentioned in Chapter 5, it is possible that the reverse imaging method
leads to a minor overestimation of the actual tip volume at the apex. This experimental
uncertainty would affect the determination R, when estimating theV,.,;;,. This is probably

the reason why the V,.,;, for Tip 2 (i.e. 0.53) was found to be slightly higher than that of
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a perfect spherical cap (i.e. 0.51) in spite of the fact that its degree of tip bluntness (i.e. d
= 1.92) indicated that its shape should be sharper than a perfect sphere (i.e. d = 2). Also,
experimental errors associated with other parameters such as sample roughness, thermal

stability, acoustic vibration should contribute to the discrepancy between the theory and

the results obtained from experiments.

Degree of tip shape Experimental V,.q;0
bluntness, d
4 . 1 1.00
1 0.80
3 -
1 0.60
2 -
1 0.40
1 -
1 0.20
0 1 1 L L OOO
0 1 2 3 4 5
Tip number

Figure 6.11 a comparison between Vratio and the degree d of the shape bluntness for each
tip.

6.5.2 Numerical determination of the degree of tip bluntness

The main idea for the numerical method implemented on this work was to extract
the optimum value for B, and d such that equation (6-8) agrees with experimental volume

data as closely as possible. The numerical determination of the optimum values for both
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By and d, that fit the measured Vi, for each tip case, was achieved in this study by
utilising a special optimisation tool, called “Solver”, available within the Excel software.
This tool employs the generalized reduced gradient method (Fylstra et al.1998) to solve
non-linear optimisation problems, which is the case for our work (c.f. equation (6-8)).

The objective, when using this optimisation tool for each tip, is to minimise the difference

between the V;;,, value found experimentally and that calculated with equation (6-8).

In practice, to implement our model with the Excel Solver, we need first to define the
relationship between our mathematical expression represented by equation (6-8) and one
or more “input variables”. The “input variables” introduced in this proposed model are
R., hmax and Vi, for each tip case. Finally, the two factors B, and d are the “decision
variables” that we need obtained. The calculated difference between V., found
experimentally and that calculated with equation (6-8) is called the “set objective”. The

d values calculated in this way are presented in Table 6.2 for each tip.

Table 6.2: Numerically extracted d values for each tip

Tip name d value calculated numerically
Tip1l 1.53
Tip 2 1.98
Tip 3 1.46
Tip 4 1.64
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6.5.3 Comparison of the degree of tip bluntness obtained with different

methods

The values of degree of tip bluntness, d, obtained with the all the different methods
studied throughout this Thesis are presented in Table 6.3 as well as in Figure 6.12. From
Table 6.3, it can be seen that the percentage difference between the results extracted with
the nanoindentation and the numerical approaches is nearly the same as the percentage
error already calculated in Chapter 5. Thus, it can be said that assessing the tip shape from
the selection of a few orthogonal cross-sections (as was the case for Chapter 5) does not

bring any substantial error when approximating the real tip shape.

Table 6.3: Degree of tip bluntness, d, obtained with four different techniques

d from the d from the d from d from
Tip . . numerical Percentage 3D (AFM) 2D (SEM)
nanoindentation : :

number test (Chapter 4) analysis difference data data
P (Chapter 6) (Chapter 5) | (Chapter 4)

1 1.34 1.53 12.42% 151 1.45

2 1.92 1.98 3.03% 1.93 1.33

3 1.18 1.46 19.18% 1.45 1.74

4 1.37 1.64 16.46% 1.63 1.57

In Figure 6.12, the degree of tip bluntness assessed from these different approaches
is also summarised graphically for each tip with a bar chart. The value for d produced
from the nanoindentation tests using the rescaling formula in Chapter 4 is given with a
blue bar. The value measured using the power law fitting (i.e. z = B r%) on a 2D profile
cross-section extracted from SEM images is given in green. Using power law fitting, the

value for d extracted from the analysis of the 3D tip apex data as an average of two scans
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of the tip characteriser asperities is also given in black. Finally, the results for d evaluated

through the numerical analysis, which includes the power exponent d in a double integral,

is provided in red. In addition, the inset bar chart in this figure presents the average

penetration depth for each tip during the nanoindentation tests. This addition bar chart

provides interesting comparative data because the higher the value of d , then the less

value of h,,,, IS expected.

between the values of d when extracted with the different approaches except when
obtained with the SEM-based technique. In addition, when these SEM-based results are
not considered, it can be said that each of the other approach provides consistent results

with respect to the ordering of the tips as a function of their bluntness. Indeed, Tip 3 is

d, Bluntness Value

hmax
r 27.6
30
20 | 126 120 14.2
TN RANRE
0 ! ! ! number
1 2 3 4

Tip
Tip1 Tip 2 Tip 3 Tip 4 number
m d from the nanoindentation approach  md from the numerical analysis
md from 3D (AFM) data d from 2D (SEM) data

Figure 6.12: Degree of tip bluntness, d, obtained with four different
techniques, namely with the nanoindentation approach, the numerical
analysis, the 3D AFM data and the 2D SEM data.

It can be seen clearly from Figure 6.12, that a reasonable agreement is found
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always assessed as the sharpest in the group, while Tip 2 always presents the highest value
of d (i.e. it is the blunter). It is also interesting to notice that the tip shape bluntness

extracted from the nanoindentation tests always present a slightly lower estimation of d

in comparison with the other two 3D-based approaches.

The sources of discrepancy between the results from the nanoindentation and the
3D-based approaches were already mentioned in Chapter 5. Further work should be
required to quantify the sources of errors. In addition, as pointed out by Vanlandingham
et al. 2000, generally, it can be expected that the variation in size of sharp features on a
tip characteriser and their susceptibility to damage during imaging would contribute to
this uncertainty. Another possible factor would be the particular choice of parameters
used to control the feedback loop during scanning, which depends on the AFM user

experience.

The larger discrepancy with the 2D-based approach was expected as mentioned in
Chapter 4. Thus, it can be said that assessing the degree of tip bluntness from SEM data
is not a reliable method. This should be due to the fact that SEM data do not provide true
3D information as such data are limited to only one cross section. In addition, the
inclination of the cantilever when mounted on the AFM device is not taken into account

in this case, which does not represent the working condition of an AFM tip.

6.6 Summary

In this chapter, two novel mathematical approaches were proposed to characterise
the bluntness of AFM probe tips. This could achieved by the use of 3D geometry data

about the apex obtained by scanning the AFM tip over a special tip characteriser. This
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work was motivated from the experimental finding obtained in Chapter 5, which brought
the question of whether there was any influence from the selection of a few cross-sections

on the approximation of the degree of tip bluntness. Therefore, complete sets of 3D data

were used in this chapter for each tips.

The proposed methods consist in determining the volumetric information of the tip
apex region taking into account a specific height limit, which corresponds to the
maximum penetration depth during nanoindentation. The first method is based on the
calculation of the volumetric ratio between the tip apex volume and the volume of an
imaginary cylinder in which the tip is contained. The second method employed a new
numerical analysis that relies on experimental volume data value to assess the degree of
tip bluntness. When comparing the results obtained with both methods, a good qualitative
agreement was found with respect to identifying which tips were the sharpest and which
were blunter. These results were also found to be in-line with those found in Chapter 4

and Chapter 5.

When comparing all the different approaches used to estimate the degree of tip
bluntness, the data obtained show a good agreement between the nanoindentation-based
results and the 3D-based results achieved with two different methods. In addition, it was
also found that using 2D data to assess the tip shape bluntness led to a non-reliable

assessment in the case of non-axisymmetric tips.

The main conclusions, which can be made from the study reported in this chapter

are:

- A new metric was successfully proposed to characterise the AFM tip bluntness condition
using simple volumetric measurements.
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- A new numerical approach was achieved to extract the degree of bluntness, d, of AFM

probe tip based on volumetric measurements.

- The selection of a few orthogonal cross sections from the complete description of the
3D geometry of the tip appears to be sufficient to extract reliable values for the degree of

tip bluntness.

- The analysis of only a cross section profile based on the SEM micrograph of the tip apex

to assess the degree of tip bluntness should be avoided
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Contributions, Conclusions and Future work

The main goal of this research was to propose and validate a novel in-situ technique
to characterise the degree of bluntness of AFM probe tips. Based on the literature review
presented in Chapter 2, it was argued that there is still a need to develop such a technique,
which could simple, fast, reliable and repeatable and which can effectively support AFM
practitioners in deciding when an AFM probe should be changed. The particular
technique investigated in this Thesis relies on the analysis of depth-sensing data obtained
from the nanoindentation of the probe tip into a soft elastic sample. This chapter
summarise, the main contributions of this research. It also presents the most important

conclusions achieved. Finally, suggestions for future work are also outlined.

7.1 Contributions

The following original contributions were made:

e To estimate the current bluntness of AFM probe tips, we developed a new
experimental procedure based on analytical treatment of experimental results of depth-
sensing indentation into a soft elastic substrate. We proposed to assume that the AFM
probe may be approximated by a non-axisymmetric power-law function and to use the

exponent of the power-law as a quantitative measure of the bluntness.

¢ We showed that the lateral displacements of an AFM tip at shallow indentations

can be neglected, therefore, the scaling approach to the indentation results is applicable.

e To evaluate the accuracy of the results obtained by the use of the self-similar

(scaling) approach to depth-sensing indentation, we also performed experimental studies
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of the actual shape of several AFM tips using the reverse imaging method. This
conventional method is more sophisticated and time consuming, hence cannot be used for
the express analysis of the bluntness of AFM tips. In this case, we also approximated the
tip shape as a power-law function and extracted an effective bluntness as the exponent of
the fitted power-law function on 3D geometry data. Given that the exponent is not the

same at different cross-sections, we used an effective exponent.

e There is a good agreement between values of the bluntness parameter evaluated
by the express analysis using depth-sensing indentation and the effective bluntness

obtained by power-law approximation of the actual shapes of AFM tips.

e Experiments showed that the utilisation of SEM data to determine both the tip
radius of curvature and the bluntness degree were inaccurate. In fact, this also suggests
the bluntness of an AFM tip differs significantly depending on its consideration: in its

vertical position or in its working position at an AFM head.

e We also explored the utilisation of a novel metric (i.e. the Vratio) to assess the AFM
tip bluntness condition using simple volumetric measurements. Based on such data, we

also implemented a numerical approach to extract the degree of bluntness.

7.2 Conclusions

Based on the results obtained during this research, the following conclusions can

also be drawn:

e The provided experimental results when assessing the degree of bluntness of

commercial AFM probes showed that the approximation of the spherical cap near the
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apex region is not correct. In fact, different values were obtained using four tips from the

same box.

e Both the maximum nanoindentation depth and the residual indent depth were in-
line with the degree of tip bluntness evaluated using all approaches except from the 2D

(i.e. SEM) approach.

e Based on the SEM micrographs for all tips obtained before and after the
nanoindentation tests, it can be said that the nanoindentation-based technique proposed

in this work could be considered as a non-destructive method.

e It was found that the percentage difference between the evaluation of the tip
bluntness using 2D (SEM) data and nanoindentation test data ranged between 8% and

32%.

e A significant effect was found of the calibration of both the cantilever spring
constant and the sensitivity of the PSPD to obtain an accurate and a reliable force-
displacement curve. For the experimental conditions used here, it was noted that an error
of 30% in the normal spring constant led to an error of 76% in the maximum indentation
depth. While an under-estimation of 80% in the maximum indentation depth could result

from an 18% change in the sensitivity of the PSPD.

e The implemented numerical approach to extract the degree of tip bluntness
showed a good consistency with the nanoindentation-based approach. The discrepancy

between both methods ranged from 3% to 19%.

e It was found that there was only slight change in the degree of bluntness estimated
from 3D geometry data when extracted from a few selected cross sections or from the

complete set of 3D data.
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e Overall, all 3D-based tip assessment approaches investigated to estimate the
degree of tip bluntness presented a good consistency with respect to ordering the tips as

a function of their bluntness.

7.3 Future work and recommendations
This research has produced some original contributions and findings in the field of

the AFM probe tip characterisation. However, the following research lines are still worth

of future investigations in this area:

e Experimental investigations of the AFM tip wear using the proposed

nanoindentation-based in the context of AFM probe-based nanomachining.
e Experimental investigations using a wider range of probe types and geometries.

e Further investigation to study the suitability of using the proposed simple
volumetric measurement, i.e. the Vratio, t0 evaluate the tip wear as a function of the tip

bluntness.
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Figure Al.1: Indenter control window

204 |Page



APPENDEX Al

Figure A1.2: SEM image for (A) tip 1, (B) tip 2, (C) tip 3 and (D) tip 4 according

to the nomenclature defined in Table 4.1
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Experimental data
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Figure A2.1: Qualitative comparison, for Tip 2 along the 0°-180° profile cross
section, of the experimental profile obtained with the reverse imaging method, the
profile reconstructed with the spherical assumption (i.e. Hertzian fit) and that
reconstructed by considering the d value of the power law function equal to that

obtained from the nanoindentation tests.
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Experimental data
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Figure A2.2: Qualitative comparison, for Tip 2 along the 90°-270° profile cross
section, of the experimental profile obtained with the reverse imaging method, the
profile reconstructed with the spherical assumption (i.e. Hertzian fit) and that
reconstructed by considering the d value of the power law function equal to that
obtained from the nanoindentation tests.
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Experimental data
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Figure A2.3: Qualitative comparison, for Tip 2 along the 45°-225° profile cross
section, of the experimental profile obtained with the reverse imaging method, the
profile reconstructed with the spherical assumption (i.e. Hertzian fit) and that
reconstructed by considering the d value of the power law function equal to that

obtained from the nanoindentation tests.
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Figure A2.4: Qualitative comparison, for Tip 2 along the 135°-315° profile cross
section, of the experimental profile obtained with the reverse imaging method, the
profile reconstructed with the spherical assumption (i.e. Hertzian fit) and that
reconstructed by considering the d value of the power law function equal to that

obtained from the nanoindentation tests.
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Figure A2.5: Qualitative comparison, for Tip 3 along the 0°-180° profile cross
section, of the experimental profile obtained with the reverse imaging method, the
profile reconstructed with the spherical assumption (i.e. Hertzian fit) and that
reconstructed by considering the d value of the power law function equal to that
obtained from the nanoindentation tests.
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Figure A2.6: Qualitative comparison, for Tip 3 along the 90°-270° profile cross
section, of the experimental profile obtained with the reverse imaging method, the
profile reconstructed with the spherical assumption (i.e. Hertzian fit) and that
reconstructed by considering the d value of the power law function equal to that
obtained from the nanoindentation tests.
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Figure A2.7:Qualitative comparison, for Tip 3 along the 45°-225° profile cross
section, of the experimental profile obtained with the reverse imaging method, the
profile reconstructed with the spherical assumption (i.e. Hertzian fit) and that
reconstructed by considering the d value of the power law function equal to that

obtained from the nanoindentation tests.
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Figure A2.8: Qualitative comparison, for Tip 3 along the 135°-315° profile cross
section, of the experimental profile obtained with the reverse imaging method, the
profile reconstructed with the spherical assumption (i.e. Hertzian fit) and that
reconstructed by considering the d value of the power law function equal to that

obtained from the nanoindentation tests.
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Figure A2.9: Qualitative comparison, for Tip 4 along the 0°-180° profile cross
section, of the experimental profile obtained with the reverse imaging method, the
profile reconstructed with the spherical assumption (i.e. Hertzian fit) and that
reconstructed by considering the d value of the power law function equal to that

obtained from the nanoindentation tests.
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Figure A2.10: Qualitative comparison, for Tip 4 along the 90°-270° profile cross
section, of the experimental profile obtained with the reverse imaging method, the
profile reconstructed with the spherical assumption (i.e. Hertzian fit) and that
reconstructed by considering the d value of the power law function equal to that

obtained from the nanoindentation tests.
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Figure A2.11: Qualitative comparison, for Tip 4 along the 45°-225° profile cross
section, of the experimental profile obtained with the reverse imaging method, the
profile reconstructed with the spherical assumption (i.e. Hertzian fit) and that
reconstructed by considering the d value of the power law function equal to that

obtained from the nanoindentation tests.
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Figure A2.12: Qualitative comparison, for Tip 4 along the 135°-315° profile cross

section, of the experimental profile obtained with the reverse imaging method, the

profile reconstructed with the spherical assumption (i.e. Hertzian fit) and that

reconstructed by considering the d value of the power law function equal to that

obtained from the nanoindentation tests.
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Description for the different region inside the tip apex

geometry:

First, for simplicity, we consider the tip apex geometry as consisting of two
parts: a spherical cup near the apex region connected to a cone (Figure A). For each
part, the exact volume may be calculated. Hence, we have:

Vratio = Viip / Voylinder =V (1+2+3) / Voyl (A3-1)

where, the indexes (1, 2 and 3) are attributed to the spherical, inner cylinder
and conical parts respectively.
The spherical part (the part 1) volume is:

V=nh/6(3r2+h?) (A3-2)

where r and h are the radius and height respectively. For the inner cylinder (part 2),
we have:

V=rr?(h2-h1) (A3-3)

where H is the total height of the tip (depth of indentation), while h is the height of
the spherical cup region.
The third part is the half shallow cylinder region considered by this equation:

V=r/2(h2-h1)(r3-r?) (A3-4)

In this case, the total height must be considered as (h2-h1) to estimate the
specific geometry magnitude above hi, the same condition must done for radius
measured value for the shallow cylinder above hy and beyond r1 in which only (r2-
r1)is the required radius measured for this region boundary.

Finally, the Vratio for the entire region can be obtained by solving this equation:

Viratio = [(Zh/6(3r2+h2)) + zr2(ho-ha)+ 2/2(ha-h)(02-r2)) Voutereyi)]  (A3-5)
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Figure A3.1, Schematic of the different geometrical region utilised to

measure apex region volume theoretically.
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