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Abstract

James Watt School of Engineering

Modelling, Quantifying and Attenuating Multi-Material Thermal Bend in Atomic

Force Microscopy Cantilevers

by Christopher William MORDUE

Atomic Force Microscopy (AFM) is a technique that generates images of surfaces with

a resolution down to the atomic scale through the use of a micro-cantilever. Like many

machines that operate at such a scale, it is prone to thermal drift which can result in

imaging artefacts. This body of work comprehensively explores the micro-cantilever’s

contribution to this phenomenon, particularly in the situation where the cantilever is

constructed from two materials (typically an insulator and metal). This work made

use of a specific type of AFM called Scanning Thermal Microscopy (SThM), that pro-

vided simultaneous temperature and deflection quantification. Modelling demon-

strated that an AFM tip can deflect up-to 166 nm/K when out-of-contact resulting

in variable and erroneous measurement of deflection and topography in AFM. The

latter is a highly unique insight and is a consequence of AFM’s commonly employed

optical lever system that measures cantilever rotation (rather than deflection) at the

laser spot focused on the cantilever. The AFM converts this signal into tip-deflection,

using a tip-force defined sensitivity factor, meaning the tip deflection measurement is

indirect. This thermal induced deflection was similarly modelled in standard contact-

mode AFM cantilevers, emphasising its widespread occurrence. With AFM cantilever

tips in-contact with surfaces and so their degrees of freedom limited, all cantilevers

were theoretically predicted to deflect like a bridge when undergoing a temperature

change. This manifested as a humped deflection profile along each cantilever’s length.

As a result, this provided the conclusion that an AFM can interpret thermal induced

deflection either positively or negatively depending on the longitudinal position of

the optical lever’s laser.
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Both out-of-contact and in-contact experimental measurements on SThM cantilevers

showed that AFM systems employing optical lever set-ups do have variable and in-

herently incorrect responses to thermal induced cantilever deflection. This was also

seen for commercial contact-mode AFM cantilevers. Measured deflection profiles of

all cantilevers when in-contact agreed with models, demonstrating inconsistent AFM

measured deflection direction depending on laser location on the cantilever. This pro-

vides clear evidence of a new phenomenon not previously documented. Contact AFM

scans were employed to confirm this effect’s direct impact on topographic scans with

images of the same area varying positively or negatively over a 600 nm range for

2 K of temperature change. For a technique that measures sub-nanometre features,

this is a significant artefact. However, with the humped cantilever deflection profile

seen in-contact, it offers a point-of-inflexion where very little thermal bending induced

tip-deflection would be measured by the optical lever. Measurements demonstrated

an improvement of up-to 97.7 % when the laser was focused at this position on the

cantilever. This presents a useful technique to mitigate thermal bending artefacts in-

contact AFM scan modes, although cantilever bend itself remains present.

To address this latter aspect, a simple solution was explored, where the native

metal is counteracted by another metal on the backside of the cantilever. Using SThM

cantilevers to study this, up-to 99 % reduction in thermal bend induced deflection of

the cantilever is possible. New SThM cantilevers with evaporated aluminium on their

backside to counteract the native gold were fabricated and showed complete attenu-

ation of thermal bending for laser locations along the whole cantilever length when

out-of-contact and in-contact. These were further improved by fabrication of modified

SThM cantilevers with gold patterning that better complement the planar aluminium

deposition to further improve the effect not only longitudinally, but also laterally in

their deflection. This translated into in-contact AFM scans showing variation of only

10s nm for 2 K of temperature change in contrast to 100s nm without any design al-

teration. These findings were mirrored in commercial, contact-mode AFM cantilevers

with a similar trend of pronounced insensitivity to thermal bending when out and

in-contact with surfaces, translating into greatly reduced scan artefacts.
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1. Introduction

1.1 Research Focus

Temperature change is an inevitable consideration for scientists and engineers in a

world above absolute zero. The effects of which are often ignored, but in many phys-

ical scenarios this should not be the case. Therefore, understanding temperature’s

influence(s) in systems is a necessity. This body of work aimed to achieve this for the

crucial component in Atomic Force Microscopy (AFM), the cantilever. This type of

microscope generates topographic images of surfaces down to atomic scale by moni-

toring the deflection of a micro-cantilever attached to a sharp tip that is raster scanned

across the surface [1]. It has been previously documented and well established that

temperature change can cause displacement in AFM systems, resulting in topographic

Gold

Palladium

Sample

Silicon

Silicon

Sensor

Nitride

100 µm

FIGURE 1.1: SThM Probe Fabricated at The University of Glasgow [2]
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1. Introduction 2

artefacts to present in their images (ubiquitously known as Thermal Drift) [3]. How-

ever, the research to-date has not provided a comprehensive analysis of temperature

changes’ exact influence on the key component of the AFM cantilever, alongside its in-

strument’s interpretation of these changes. To fill this void, this work aimed to model,

quantify and provide solutions that reduce the effects of temperature induced can-

tilever deflection and its translation to topography. To achieve this, Scanning Thermal

Microscopy (SThM) cantilevers (as seen in Fig. 1.1) were employed due to their si-

multaneous and accurate measurement of cantilever temperature and deflection. Fur-

thermore, with its significant metallisation and application to variable temperature

environments, it is greatly beneficial to understand and reduce thermal bending in

their specific design alongside AFM cantilevers in general.

1.2 Project Structure

As eluded to above, the project was broken into three sections, whereby SThM can-

tilevers were the initial vehicle for exploration followed by more ubiquitous, non-

thermal AFM cantilevers. These sections, described below, were performed in the

following respective order:

• Modelling - Utilising theoretical modelling through Finite Element and Finite

Different Methods. This aimed to increase understanding, compare to experi-

mental results and, once validated, be used as design tools for later attenuation

work.

• Experimental Quantification - Performing experiments to provide real-world

figures for temperature induced bending, deflection and topography that could

be contrasted to theoretical models. Once sound experimental procedure had

been established, they were employed to quantify the effectiveness of future

thermal bend attenuation designs and solutions.

• Attenuation - Retaining and extending the knowledge and understanding ac-

quired in the previous two sections, effort was applied to reduce the effect of

DOCTORAL THESIS Christopher W. Mordue
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temperature induced bending, deflection and topographic artefacts. This in-

volved proposing practice and design changes that were implemented and demon-

strated through fabrication of new AFM cantilevers.

1.3 Research Goals

• Develop theoretical models that predict the Mechanical and thermal bend be-

haviour of AFM cantilevers, with a specific appreciation for SThM cantilevers.

• Quantify thermal bending in multi-material AFM and SThM cantilevers for out-

of-contact and in-contact applications.

• Compare experimental results to models and theory of AFM operation.

• In-depth Mechanical and thermal bend analysis of SThM cantilevers.

• Extract practice improvements based upon developed knowledge and under-

standing from modelling and experimental quantification work.

• Design, model and fabricate new designs for attenuating thermal bending in

SThM and non-thermal AFM cantilevers.

• Demonstrate new designs through experimental quantification and AFM oper-

ation.

DOCTORAL THESIS Christopher W. Mordue
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2. Literature Review

In this section, literature pertaining to AFM was initially reviewed with a particular

focus on the most common techniques employed. Moreover, particular concentration

was given to the deflection measurement that influences topographic interpretation

due to its fundamental role in AFM. This was followed by an exploration of the work

to-date on thermal bending alongside an appreciation of the SThM cantilevers em-

ployed in this body of work. Beyond this, common fabrication techniques utilised to

manufacture SThM and AFM cantilevers were elucidated.

2.1 Atomic Force Microscopy

Microscopy is defined as a technique that enables the ability to view objects outwith

the resolution of the human eye [4]. Within this broad definition, there are many differ-

ent types of microscope that fall into four main categories: Optical, Scanning Electron,

Transmission Electron and Scanning Probe. Each with their unique operating princi-

ple, resolution and traits. Regarding Scanning Probe Microscopy (SPM), as the name

suggests, it involves scanning a probe across a surface to produce high resolution im-

ages of a surface. Operating in such a manner, AFM is one of the main types of SPM

with its exact operating principle expanded below.

2.1.1 Operating Principle

AFM functions by generating point-by-point topographic measurements of surfaces

down to the mico, nano and even atomic-scale [1]. It operates by bringing a micro-

cantilever with a sharp tip towards a sample’s surface and raster scanning it whilst
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monitoring its deflection. The latter is then connected to a feedback system that main-

tains a constant cantilever deflection and so force between the tip and surface through-

out the scan. As a result, the outputted response to the cantilever’s deflection is the

sample topography that is used to build up an image. A diagram depicting such an

AFM system can be seen in Fig. 2.1.

Laser

Photodetector

Piezo-
Actuator

Sample Surface

Cantilever

Feedback Control

Output

OutputTopography/
Height

∆Vvertical

FIGURE 2.1: Basic AFM Operation Diagram

To achieve the above operation, the majority of AFMs utilise the following key

components: cantilever, deflection detection system, stage, piezoelectric transducers

and electronic feedback control [4]. The exact techniques/technology utilised in these

components has changed over the years, alongside additional functionality to their

basic role. For example, over time multiple scan modes have been developed chang-

ing the type of mechanical interaction with the surface. The main difference being

the extent of tip contact and/or proximity to the sample surface during scanning. Re-

garding this, some tips are brought in direct contact with the surface and a constant

cantilever deflection (and so tip-force) maintained. However, others are oscillated near

the surface and by sustaining a constant oscillation amplitude, a consistent tip-sample

interaction and force is generated. Hence, even with these different scan modes, the

general measurement principle of a maintained tip-force is sustained which employs
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one common instrument for their defection detection system: the optical lever [1], [5].

This shall be elucidated later in this chapter due to its ubiquitous nature and obvious

impact on the measurement of the sample topography. However, the classification

and development of AFM will first be explored.

2.1.2 Classification

Placement and categorisation of AFM in the world of metrology allows appreciation of

its relative ability and objective as a technique. Specifically, as the name suggests, AFM

can measure forces involved at the atomic-scale and so can output Angstrom level

spatial resolution. Therefore, it is one of the highest resolution microscopy techniques

to date. A diagram depicting SPM and AFM’s position in the world of microscopy

based on resolution can be seen in Fig. 2.2.

Sample

Sample

Fluorescent

Electronics
Probe

Electrons

Detector

1 m 1 mm 1 µm 1 nm 1 Å

100 10-1 10-2 10-3 10-4 10-5 10-6 10-7 10-8 10-9 10-10

Screen

m

Human Eye

Optical Microscopy

Scanning Electron Microscopy

Transmission Electron Microscopy
Scanning Probe Microscopy (e.g. AFM)

FIGURE 2.2: Microscopy Vertical Resolution Ranges

In AFM, there are sub-classifications based upon different criteria. The most obvi-

ous is the type of scan mode, where there are three main approaches based upon the

extent they mechanically interact with the surface [1]:

1. Contact - Scanning the surface while the tip is in contact with it; typically indi-

cated through snap-in of the tip. Changes in the measured cantilever deflection
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infer the tip-force and a feedback loop response is used to generate a topography

signal.

2. Tapping/Intermittent/Oscillating Contact - The cantilever is oscillated at a de-

sired frequency (typically the cantilever’s resonance frequency) and scanned

across the surface where the tip makes intermittent contact with it. Changes

in the nature of this oscillation such as its amplitude, phase or frequency then

infer the force and with a feedback loop outputs a topography signal.

3. Non-Contact/Close-Contact - Similar to Intermittent Contact, but instead the

cantilever tip does not make contact with the surface and stays within the at-

tractive force regime of the surface forces (explained in greater detail in Section

2.1.5).

Each mode has different benefits and drawbacks with one key one being the degree

of tip and sample wear alongside their Signal-to-Noise Ratio (SNR). However, these

can change based upon another sub-classification of AFM: its additional functional-

ity. The extent of this list is vast, but some of the main types are Lateral Force; Force

Spectroscopy; Kelvin Probe Force; SThM and Magnetic Force to name but a few. The

reason for this large number of varying AFM functionalities is due to the flexible op-

erating principle and set-up that a basic AFM instrument provides [1]. How this came

to pass is key and is explored below.

2.1.3 Development

The origins of AFM go as far back as 1929 by G. Schmalz [6], whom constructed a pro-

filer that measured surface topography by monitoring the movement of a cantilever

whose tip interacted with it. Surprisingly similar to current AFM designs for just

under a century ago, it utilised an optical lever arrangement to measure cantilever

movement. However, it lacked the ability to control the mechanical interaction with

the surface. This lack of control caused damage to the cantilever tip and/or the sam-

ple. A solution was developed by R. Young in 1972 [7] that demonstrated a massive

leap towards modern day AFMs. He developed a non-contact profiler that measured

the electron field emission current between the profiler tip and surface to maintain a

constant distance. Connected to an electronic feedback system, the required change
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in height that was actuated using a piezoelectric ceramic, would output the sample

topography.

The next major breakthrough came once mechanical stability of instrumentation

was improved to such an extent that instead of the field emission being measured,

the quantum phenomenon of electron tunnelling was possible [1]. Developed by G.

Binnig and H. Rohrer et al. and first demonstrated in 1982 [8], this allowed a far more

sensitive measurement of surface-tip distance and so a far greater resolution of to-

pography. Named the Scanning Tunnelling Microscope (STM), it utilised piezoelectric

actuation and electronic feedback to control the probe and output topography. An

operation diagram of this is depicted in Fig. 2.3. STM’s ability was further demon-

strated in multiple subsequent papers: verification of 0.65 nm step heights in Gallium

Arsenide (1̄1̄1̄) facets [9]; articulation of its ability relative to other microscopy tech-

niques [10] and demonstrating Si(111) atomic arrangement [11].

FIGURE 2.3: Original STM Operational Diagram [8]: Pi - Piezoactuators
translate tip along axis i; CU - Control Unit produces the required piezo-
voltage (VP) constant tunnel current (JT) at a set voltage (VT); s - Tunnel
junction distance with ∆s depicting the change due to piezo-actuation. The
dashed line represents the subsequent profile generated by the STM with key
features at A, B and C of the step and contamination and work function re-

spectively

Building upon all of this, G. Binnig took the principle of controlling the mechanical

interaction with the scanned surface further by measuring a spring’s elastic deforma-

tion instead of a tip-sample tunnelling current [12]. This utilised the same tunnelling

phenomenon, but to measure a cantilever’s deflection that acted as a spring. As a re-

sult of this different measure of tip-sample interaction, it permitted controlled contact
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scanning of non-conductive samples with very high force sensitivity down to 10-18 N.

Scanning over a Al2O3 surface and using a diamond tipped Gold (Au) foil cantilever, a

vertical and lateral resolution of less than 0.1 nm and 3 nm respectively was achieved.

Hence, a general purpose device of sub-nanometre resolution that interfaced with

atomic forces was demonstrated. As a result, many other academics explored the

principle of this force microscope and applied various techniques/components to its

operation including: Si based lithography of cantilevers [13]; optical lever for the force

measurement [14] and additional scanning modes such as tapping [15]. Furthermore,

due to AFM’s flexible nature, additional functionality of the probe tip was realised:

localised electrical charge deposition and imaging [16]; measurement of dielectric con-

stants [17]; quantification of thermal properties [18] and measurement of sub-surface

features [19] to name a few. These probes of which have been further tweaked and op-

timised over the years along with continued application development. Today, AFM is

ubiquitously used in academic science and engineering contexts with its vast array of

functionality resulting in a broad range of applications and roles. Therefore, with this

clear understanding of AFMs context and development history, specifics of its modern

design features that this project heavily utilised and analysed are explored below.

2.1.4 Deflection Detection Systems

One key feature of all AFMs, as highlighted in Section 2.1.1, is its method for de-

tecting cantilever deflection. Through the measurement of a cantilever’s deflection,

tip-sample interaction force is inferred and can be maintained allowing for a reliable

surface image to be generated. Therefore, it could be argued to be the most crucial

component in an AFM alongside the cantilever. With such a function, there are many

different types of deflection detection systems used in AFM:

• Optical Lever/Optical Beam Deflection (OBD) Method

This involves reflecting a laser off an AFM cantilever and onto a photodetector

that outputs the reflected laser spot position. Changes to this position are di-

rectly related to alteration in cantilever orientation due to tip force. With calibra-

tion, this provides a measurement of tip deflection and hence tip-sample force

[1][14]. A diagram depicting this can be seen in Fig. 2.4.
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FIGURE 2.4: Optical Lever Diagram

• Interferometry

Based upon the interference of light, a beam of laser light is split with one beam

reflecting off the cantilever and the other off a stationary reference mirror. With

movement of the cantilever due to tip-force, the distance travelled by one of

these laser beams changes. This alters the interference pattern created when the

two laser beams are recombined, resulting in a direct measurement of cantilever

deflection and interpretation of the tip force [20][21].

• Scanning Tunnelling

Utilising the distance sensitive quantum phenomenon of electron tunnelling be-

tween the AFM cantilever and an electrode located above it, a direct measure-

ment of cantilever deflection is possible [12]. This can then be linked and cali-

brated to tip force.

• Crystal Oscillator

Utilising the principle of piezoelectricity, an alternating current can be used to

cause a piezoelectric tuning fork to vibrate constantly. With an AFM tip attached

to it, the vibration changes when it experiences a force at its tip and so provides

a method of tip force measurement with calibration [22][23].
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• Capacitive Detection

The change in capacitance between two separated, parallel, metallic plates can

render measurement of the distance between the two. Hence, placing a plate on

the cantilever and another above it permits direct deflection and force measure-

ment of the tip [24].

• Piezoresistance

Applying microfabrication techniques, AFM cantilevers can be constructed with

a piezoresistive sensor on its body. This produces a change in electrical resistance

due to applied stress and subsequent strain to the cantilever from a tip force and

with calibration, the tip deflection and force can be determined [25].

As it can be seen, there is no shortage of methods for determining tip deflection and

force; all requiring sound determination of the AFM cantilever spring constant. All of

these approaches have their benefits and drawbacks for topographic measurement

and other functions. However, the most ubiquitous approach is the optical lever. This

is due to its excellent SNR [26]; few and common components; simple overall design

[27] and compatibility with a wide range of cantilevers that only need to reflect enough

of the laser onto the photodetector. Therefore, due to its prevalence in AFM systems,

greater depth of its operating principle is reviewed and elucidated below.

Optical Lever

As previously highlighted, this technique directly measures the change in cantilever

orientation that manifests in displacement of the reflected laser spot on the photode-

tector [14]. Also called the optical beam deflection method (OBD), a diagram depicting

its operating principle can be seen in Fig. 2.4 where the laser spot is focused on the

cantilever (frequently aligned manually by the user). As graphically demonstrated,

the change in rotation at the laser spot’s position on the AFM cantilever is directly

measured. However, direct vertical displacement of the cantilever also contributes to

the measurement in accordance to the following equation determined by T. Tsang [28]

that appreciates both this and rotation’s contribution to the output:

∆d = 2L∆θ + 2∆zsinθ (2.1)
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where ∆d, L, θ, ∆z are the displacement on the photodetector, laser path length be-

tween the cantilever and the photodetctor, laser’s angle of incidence on the cantilever

and change in cantilever vertical displacement respectively. A graphical represen-

tation of the above equation can be seen in Fig. 2.5 for both rotation’s and vertical

displacement’s contribution to the measured displacement on the photodetector. A

θθ

AFM Cantilever

Laser

L

∆d = 2Lθ

2∆θ

∆θ

θθ

AFM Cantilever

Laser

∆z
2θ

∆d = 2∆zsinθ

FIGURE 2.5: Optical Lever Rotation & Vertical Displacement Change

brief analysis of this equation demonstrates that as long as the path length between

the cantilever and the photodetector (L) is appreciable (for most AFM systems this

will be greater than a centimetre), then the rotation will dominate the displacement on

the detector. This is reinforced by C. N. Jones et al. [29] who demonstrated 2,000 times

greater displacement of the laser on the photodetector from rotation relative to vertical
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deflection of the cantilever tip. Although this assumed a linear relation between tip-

deflection and photodetector displacement meaning the cantilever acted like a rigid

lever arm, this is still an accurate approximation. Hence, vertical displacement will

be approaching a negligible contribution with cantilever rotation providing the ma-

jor influence on the laser spot’s displacement on the photodetector in typical AFM

set-ups.

Moving towards the exact construction of the photodetector, they are typically

made up of four-quadrant photodiodes [5]. These photodiodes output an electrical

current dependent on light absorption due to the photoelectric effect, which is subse-

quently converted into voltage [4]. These voltages then undergo different mathemati-

cal operations such as the subtraction of the bottom two photodiodes from the top to

output vertical motion of the reflected spot [1]. Hence, cantilever rotation along vari-

ous planes is possible. This photodiode output is subsequently converted into deflec-

tion by determining the Inverse Optical Lever Sensitivity (InvOLS) [30], also termed

the deflection sensitivity [31] or sensitivity factor [4]. This is typically determined

by driving the cantilever into a hard surface and measuring the vertical photodetector

voltage change as a function of piezoactuator’s displacement while the tip and surface

are in-contact. The latter is then divided by the former as depicted mathematically be-

low:

InvOLS =
δpiezo

Vvert
(2.2)

where δpiezo and Vvert are the piezoactuator displacement and photodetector’s vertical

voltage change respectively. This can be seen visually in the Voltage-distance curve in

Fig. 2.6. In this scenario, it is assumed the piezoactuator is rigidly connected to the

cantilever tip and so their displacements are equal. Therefore, once contact is made

with the surface and the piezoactuator is driving the tip into the surface, the cantilever

will displace equally and oppositely according to Newton’s Third Law. The latter is

due to the far greater relative stiffness of the sample to the cantilever resulting in neg-

ligible deformation of the sample and tip causing only deflection of the cantilever in

the low force range of AFM operation. Thus, a complete cantilever deflection measure-

ment is possible. It should be noted that this calibration procedure is not isolated to the

optical lever set-up and is utilised for the other deflection detection systems such as
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FIGURE 2.6: Example of a Voltage-distance Curve for an AFM Cantilever
Under Ambient Air Conditions

piezoresistive [32]. In addition, there are other methods for determining the InvOLS

such as the non-contact thermal method that utilises the cantilevers spring constant

(e.g. obtained through the Sader method [33]) and measures the voltage noise density

to ascertain the InvOLS [4]. However, this is far less well known and employed.

2.1.5 Interaction Forces

Most of this review has focused on AFM instrumentation, but the actual forces it in-

teracts with have not been considered in detail. However, it is important to not only

appreciate these forces to anticipate their magnitudes during operation, but also how

these forces effect the AFM’s cantilever. The most common tool employed to under-

stand the forces an AFM tip experience are through Force-distance (F-d) curves. These

appear similar to the plot seen in Fig. 2.6, but with the InvOLS (already known) and

the cantilever spring constant utilised to convert vertical voltage signal to Newtons on

the y-axis. Hence, F-d curves are the same as that seen in Fig. 2.6, but with a coeffi-

cient applied to the y-axis. In this figure, the attractive regime (the region where forces

pull the tip towards the sample causing a negative force) can be seen coming into play

just before initiating contact (the green to blue region transition) and conversely when
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losing contact (green to orange region transition). These forces include Van der Waal

(London dispersion and Casimir forces); electrostatic (ionic and hydrogen bonds); cap-

illary forces; water meniscus [34]; quantum mechanical (covalent and metallic bonds)

and ion correlation [3]. The magnitude of each varies dependent of the tip-sample

interaction conditions along with that of the surrounding ambient environment. For

example, when immersed in a liquid, Van der Waal forces tend to be reduced and its

influence on F-d curves less pronounced [4]. Moving closer to the sample, a snap-in

effect occurs which typical prompts engagement. Beyond this, repulsive forces are

more prominent causing typically a linear increase between vertical position and volt-

age/force (i.e. the InvOLS). These repulsive forces include electrostatic (Coulombic

forces;) quantum mechanical (steric and Born repulsion); solvation (hydration and

structural forces) and entropic (thermal fluctuation and protrusion forces) [3]. When

the y-axis magnitude becomes positive (or the approach voltage/force is exceeded),

then the repulsive forces are greater than attractive ones causing an equal and op-

posite positive force on the cantilever. As a result of these two directions of force,

whenever the tip is in-contact with the surface, it has a strong mechanical connection

in the vertical axis. Therefore, when AFM maintains a constant balance of these forces,

it should output a consistent topographic image of the scanned surface.

In addition to these forces having an influence over the vertical direction in AFM

operation, they have an effect over the horizontal plane of the sample (lateral and

longitudinal). This is due to the cantilever scanning along the horizontal plane which

can result in twisting/displacement of the cantilever in some imaging modes due to

friction. This friction measurement is dependent on the sample and tip material; tip

geometry; roughness; applied force (normal force); scan speed and other operational

conditions during scanning [3]. Hence, a complex and variable horizontal condition

and so set of forces occur for each AFM scan. With this better appreciation of AFM and

its cantilevers, Thermal Drift and Bending’s influence on this system can be reviewed.
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2.2 Thermal Drift & Bending in AFM

In AFM, Thermal Drift is the common term for temperature change over time result-

ing in material movement that effects images or microscope operation [3]. It is gen-

erally regarded as the main source of drift in AFM images [35]. Thermal Drift has

mostly been attributed to the coefficient of thermal expansion (CTE) in the materials

utilised in the AFM [36]. With this understanding, various papers have quantified

the phenomenon using different methods and focused on different components of

the AFM. Some have measured Thermal Drift in different AFM design’s which have

been attributed to their varied metrological chain lengths [37], while some specifically

measured the contribution from cantilevers alone [36], [38]. Whichever the source, its

general manifestation is widely accepted to be due to ambient temperature change

that causes displacement in the AFM instrument, typically producing gradual move-

ment in topographic features, as seen in Fig. 2.7. This figure is a general example and

does not account for potential concentrated temperature changes from the laser, probe

or sample. Regarding the latter points, changes in the laser position, laser source-

cantilever distance, laser power or optical properties of the immediate sample area

[39] can change the cantilever temperature and hence effect measurement. For exam-

ple, J. Spiece et al. demonstrated 0.5 K of temperature change over 30 minutes of scan-

ning in one instance [40]. In addition to quantifying the problem, effort has been put

towards attenuating and removing the effects of Thermal Drift and Bending. This in-

cludes thermally compensated stages [41], improved scanning/processing techniques

[42]–[45], structurally compensated/altered cantilevers [46], [47] and minimising the

extent of the reflective coating [38]. However, as suggested by this project’s scope,

sound quantification of the problem was still lacking, especially regarding one of the

most mechanically and thermally sensitive components in the AFM, the cantilever

itself. Hence, the following section shall articulate the relevant literature pertaining

to the influences of temperature change on the displacement/deflection of AFM can-

tilevers.
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FIGURE 2.7: Example of Drift in an AFM Image [37]

2.2.1 AFM Cantilever Thermal Bending

Not all AFM cantilevers are made equal with different materials, shapes and geome-

tries. However, many of them are constructed from two layered materials, one pro-

viding the mechanical cantilever structure, while the other a reflective coating for the

laser in the optical lever system [48]. Moreover, some cantilevers require an electri-

cally conductive wire along their length for various functions such as thermometry

[49], Conductive-AFM [50], Kelvin Probe Force Microscopy [51] and self-sensing [52].

Hence, this layered structure is common and unavoidable in some cases. With such a

construction and use in AFM, Thermal Drift of the cantilevers is dominated by ther-

mal bending or the Bimetallic Effect [48]. S. Timoshenko was one of the first to doc-

ument this general phenomenon in 1925 [53], whereby he explained it occurs due to

the two materials being strongly adhered together and possessing different CTE’s. As

a result, during temperature change, each material displaces by different magnitudes,

producing different strains and axial forces along the cantilever length. This dispar-

ity in displacement and force generates a bending moment towards the material with

the lower CTE. This moment subsequently produces a vertical deflection. A diagram

visualising this can be seen in Fig. 2.8 with the coating possessing a CTE greater than

the substrate.

This phenomenon is best documented in bimetallic strips, bi-metal thermostats

and bimorphs with many applications such as in toasters, kettles, irons, electrical

switches and circuit breakers [54]. Hence, when structures that are similarly con-

structed from two layered materials with dissimilar CTE’s, as in the case of many AFM
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FIGURE 2.8: Thermal Bending in Cantilevers

cantilevers, a similar behaviour occurs. In AFM, the vertical deflection occurs along

the same axis as topography resulting in direct Thermal Drift being generated in im-

ages. First documented and demonstrated by M. Radmacher in 1995 [36], he showed

that both annealing and removing the metal layer vastly reduced displacement of the

cantilever due to temperature change in an AFM system. This was further supported

by L. Wenzler [38] who showed a similar attenuation in displacement from a reduc-

tion in metal coating. In addition, one paper demonstrated that the common MLCT-C

probe displaced by 315 nm/K [55]. As a result of this research, many commercial

manufacturers of AFM probes have developed cantilevers with no metal coating or

a reduced coating [56], [57]. However, apart from this reduction in metal or balanc-

ing the materials axial forces and bending moments [58], little has been achieved in

understanding how thermal bending is exactly interpreted in the AFM’s optical lever

system.

2.2.2 Thermal Actuation of Micro-Cantilevers

With the knowledge of thermal bending occurring in micro-cantilevers, many authors

and technologies have harnessed it for actuating MEMS cantilevers. The exact applica-

tion of these is highly varied with some used to extract waste heat in both macro and

micro systems [59], [60]; actuation in scanning fiber endoscopy [61]; general micro-

cantilever actuation [62] and AFM cantilever actuation [63]–[76]. The number of de-

vices that have been theorised and fabricated is significant, highlighting the effective

simplicity of this form of actuation. Looking further into its employment for AFM

cantilevers, there are multiple different thermal sources that have been employed and

are hence described:

• Photothermal:
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Typically employing a laser, photons of light are directed onto an AFM cantilever

which are absorbed causing excitation of the cantilever material and temperature

increase. Through the multi-layered structure of the cantilever, thermal bending

and actuation is induced. Furthermore, pulsing of these photons can be utilised

to cause an oscillating motion to enable dynamic scan modes in AFM [63]. One

key merit of this approach is the isolated heating and actuation that minimises

spurious peaks in the spectra associated with other techniques [71], [74], [76],

[77]. As a result, this renders it especially good for dynamic scanning modes

when the cantilever is submerged in liquid such as in Fig. 2.9.

FIGURE 2.9: A Diagram by V. Pini et al. depicting a Photothermally Actuated
Cantilever (Using the EX Laser) in a Fluid [71]

• Electro-Thermal:

This employs a heater (e.g. resistive heater) powered through an electrical cur-

rent that is located on or near the cantilever. This induces temperature change

of the multi-material cantilever resulting in thermal bending. Hence, actuation

can be controlled through the heater’s electrical input. Moreover, many of these

devices employ a piezoresistive sensor for the deflection measurement [65]–[69],

[72], [73], [75]. An example of this can be seen in Fig. 2.10.

From all of the above, it is apparent that there are many examples whereby ther-

mal actuation has been harnessed with it being a very common technique in AFM.
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FIGURE 2.10: Example of an Electro-Thermally Acuated Cantilever with a
Integrated Piezoresistor for deflection Measurement at its base for (a) 7 µm x

2 µm and (b) 23 µm x 6 µm [72]

However, all the above methods of actuation are predominantly to induce dynamic

AFM scanning and not for contact mode operation meaning this is an area little ex-

plored. With the literature highlighted, the next step was to research the appropriate

modelling techniques for the thermal bend phenomenon.

2.2.3 Modelling Thermal Bending

2.2.3.1 Thermal Bend Equations

In pursuit of increased understanding, theoretical work on modelling thermal bend-

ing in cantilevers was explored. Thermal bending for structures with thin-films was

first documented by G. Stoney in 1909 [78]. He described and connected the stress ex-

perienced by a substrate due to thin film deposition with its curvature through math-

ematical relation and experimentation. This allowed imparted stress from thin films

to be linked and quantified to curvature and displacement in structures. Therefore,

thin films which impart a stress with a change in curvature (such as from a change

in temperature) can be theoretically and experimentally appreciated. Acting as the

foundation, many authors have tweaked and evolved G. Stoney’s initial formula and

applied it to different imparted stresses and structures. Some important developments

were performed by W. Riethmuller and W. Beneche in 1988 [79] alongside W. H. Chu

in 1993 [80] that altered G. Stoney’s equations and demonstrated their application for

micro-cantilevers constructed from two materials. W. H. Chu articulated the subse-

quent mathematical relation explicitly with very good agreement to experiments for
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cantilever curvature (K):

K =
6wswcEsEctstc(ts + tc)(αc − αs)∆T

w2
s E2

s t4
s + w2

c E2
c t4

c + 2wswcEsEctstc(2t2
s + 3tstc + 2t2

c)
(2.3)

where E, w, t, α, T denote the Young’s Modulus, width, thickness, CTE and tempera-

ture respectively alongside the subscripts s and c representing the substrate and coat-

ing respectively. Many other authors have followed this or very similar mathemati-

cally derivation methods for cantilever and plate type structures [81]–[84]. From these,

C. Hsueh in 2002 [82] provided a comprehensive derivation of elastic deformation of

multi-layered structures due to stresses imparted from a mismatch in material layers

CTE. This allows more than two layers to be appreciated while undergoing a tempera-

ture change alongside external bending moments. This is subsequently shown below

for the curvature and contributing equations:

c =
(Estsαs + Σn

i=1Eitiαi)∆T
Ests + Σn

i=1Eiti
(2.4)

tb =
−Est2

s + Σn
i=1Eiti(2hu,i−1 + ti)

2(Ests + Σn
i=1Eiti)

(2.5)

K =
3[Est2

s (c− α∆T)− Σn
i=1Eiti(c− αi∆T)(2hu,i−1 + ti)] + 6M

Est2
s (2ts + 3tb) + Σn

i=1Eiti[6h2
u,i−1 + 6hu,i−1ti + 2t2

i − 3tb(2hu,i−1 + ti)]
(2.6)

where c, tb, hu and M denote the uniform strain component, bending axis (the can-

tilever’s cross-section line where zero moment and strain occurs), layer height from

the substrate topside and bending moment. However, different widths between the

substrate and coatings are not appreciated in the above equations, unlike in Equation

2.3. Although, as it derives the curvature, it can be translated into displacements and

rotations, depending on the solid mechanics theory.

In addition to the above equations, there is literature pertaining to altering the

above depending on the relative thickness of the coating and its mechanical contribu-

tion to the cantilever structure. First derived for piezoelectric bimorphs by A. Li et al.

[85], they demonstrated an equation to determine its flexural rigidity. With the un-

derstanding in general beam theory that flexural rigidity equals the Young’s Modulus

multiplied by the second moment of area, J. W . Yi et al. subsequently showed that

for these non-homogeneous cantilevers the effective modulus can be determined [86].
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This is shown below:

Ee f f =
E2

s a4 + E2
c b4 + 2EsEcab(2a2 + 2b2 + 3ab)

Esa + Ecb
(2.7)

where a = ts
ts+tc

and b = tc
ts+tc

. This aimed to provide a more realistic representa-

tion of the Young’s Modulus or the stiffness of the bimorph. This was determined to

be applicable in the scenario where the coating provides a significant thickness and

so changes the mechanical and thermal bend response of the bimorph [83]. Hence,

if there is a relatively thick coating on the substrate, then using the effective modu-

lus may provide a more accurate representation of the subsequent deflection of the

structure. However, like in Equation 2.6, this does not account for different widths

between the substrate and coating. Moreover, no clear thickness ratio is articulated in

these pieces of literature, with J. W. Yi utilising the effective modulus for a structure

with a 1:3 ratio between the coating and substrate thickness respectively [86].

Overall, this literature provides a sound basis of theoretical appreciation for ther-

mal bending that has been experimentally validated for multi-material cantilever struc-

tures at the micro-scale. Hence, it should be possible to be model thermal induced

deflection in AFM cantilevers by employing a similar approach.

2.2.3.2 Solid Mechanics Theory

The next area required to be explored was how the thermal bend equation for curva-

ture (Eq. 2.6) can be converted into deflection and rotation, i.e. its solid mechanics

theory. Regarding cantilevers, Euler-Bernoulli Beam Theory is highly applicable. This

is a well-known theory and documented to accurately describe slender beams [87].

The definition of beams being structures that bear loads across/perpendicular to their

longitudinal axis [88] which is the case for AFM cantilevers. The key assumptions of

this theory are [89]:

1. Vertical displacements of the cross-section are small and equal to the deflection

of the beam axis (this axis being coincidental to the cross-section’s centroid)

2. Lateral displacement is zero
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3. The cross-section is normal to the beam axis and remains plane and orthogonal

to the beam axis after deformation (i.e. no shear deformation occurs)

Therefore, a key aspect of the above is that significant deflection does not occur that

changes the cross-section. Moreover, the theory applies to all stimuli of deflection,

for example concentrated and distributed forces. In addition to the above, the theory

allows beams to be simplified into 1D structures [89]. However, this simplification

may not be the case if the beams are regarded as plates (i.e. if wide relative to their

length). Such structures would require to be modelled in 2-Dimensions, allowing three

degrees of freedom at each node. However, even if not completely appropriate or

desired as a governing theory for the deflections of such structures, modifications of

the Euler-Bernoulli Beam Theory can provide some appreciation for plate like beams.

This can be performed utilising the Biaxial Young’s Modulus instead of the Young’s

Modulus [81]. This partially accounts for the stress and strain experienced across the

width by appreciating the stiffness across the width and not assuming it is infinitely

stiff. The equation for its determination can be seen below, where the Poisson’s ratio

describes the relation between the principle directions (x, y, z):

Ebiaxial =
E

1− υ
(2.8)

2.2.3.3 Principle of Superposition

Following the above, the literature pertaining to the use of the above equations and

theoretical approaches in FDM models was explored. One method that permits this

is based on the principle of superposition [88]. The concept of which is that the de-

flection of a beam from multiple different loads when acting simultaneously can be

reproduced by superposing the deflections produced by the same loads acting indi-

vidually. The reason this superposing is possible is due to the linear nature of the

differential equations pertaining to the deflection curve in the beams, i.e. the quantity

to be computed is a linear function of the load. This is valid in cantilevers for stresses,

strains, bending moments and deflections due to non-excessive forces. For deflection

determination, three conditions must apply: (1) Hookes law holds true for the ma-

terial during load application; (2) deflections and rotations are small; (3) deflections
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do not change the action of a load applied. The above applies to AFM cantilevers

alongside thermal bending as long as the temperature change is not large enough to

induce gross magnitudes of deflection and/or material phase transition. This is due to

it resulting in significant change in the cantilever shape, properties and stiffness that

would alter the response to thermal bending alongside other loads, such as from an

end-force. With this assumption, the cantilever can then be broken down into theoret-

ically infinite elements and nodes along its length with the load applied to each and

summation of the deflections and rotations. A visualisation of this can be seen in a

simple two element example in Fig. 2.11.

[1] [2]

[2][1]

ML
2

L
2

L

M
M

δtotal

δ1
δ2

θtotal

θ1 θ2

θ1

δ1 + θ1
L
2

FIGURE 2.11: Principle of Superposition Diagram where L, M, θ, δ are the
Lengths, Bending Moments, Rotations and Vertical Displacements Respec-

tively

As the load is applied to each element individually, they can contain a different

cross-sections or moment of inertia (beams with varying cross-sectioning are com-

monly termed nonprismatic beams [88]). This means cantilevers with varying widths,

thicknesses and materials can be appreciated. Hence, a method for soundly account-

ing for multiple, simultaneous loads such as from thermal bending is possible as well

as appreciating different cross-sectional geometry along the length of a cantilever. This
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mathematically translates into the following set of relations:

δe,θe−1 = Σe
e=1Le tan(θe−1)

δe,total = Σe
e=1δe + δe,θe−1

δTOTAL = Σe
e=1δe,total

(2.9)

where δe,θe−1 , δe,total , δTOTAL are the vertical deflections in each element due to rotations

from preceding elements, total vertical deflection in each element due to load & rota-

tion and the total structure’s vertical deflection from all the elements respectively. In

addition, if the rotation is small, then the small angle approximation is possible ren-

dering tan(θe−1) ≈ θe−1. Application of these equations simply requires substitution

of the load producing vertical deflection and rotation equations alongside the element

length.

2.2.3.4 End-Force Equations

The final tool required from literature to fully model thermal bending in AFM is an

ability to theoretically interpret a typical AFM system. In an actual AFM system, this

is performed by applying the InvOLS that is based upon the force imparted by the

surface at the cantilever tip (i.e. end-force). Therefore, this needs to be modelled to

generate a theoretical InvOLS that can be applied to the thermal bend equations out-

puts for a complete model. The previously elaborated Euler-Bernoulli Beam Theory

is completely applicable to end-forces (EF) in micro-cantilevers and hence an EF for a

constant cross-section cantilever can be mathematically determined as such [88]:

Cantilever’s with an EF: δz,max =
FL3

3EI
θ =

FL2

2EI
(2.10)

where F, L, I are the EF, cantilever length and second moment of area respectively.

Assuming a simple, homogeneous rectangular cross section the latter is simply I =

wt3

12 . However, one additional equation is required alongside the above for an FDM

model. As demonstrated by J. Gere [88], as you translate along the cantilever length,

the moment applied by the EF changes. For example, the closer the cantilever element
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to the EF, the lower the bending moment imparted. As a result, the Coupled-End-

Moment equations are required to model an EF using FDM:

Cantilever’s with a Coupled-End-Moment: δz,max =
ML2

2EI
θ =

ML
EI

(2.11)

Alongside the above, complex shapes with multiple materials can have their sec-

ond moment of area’s determined through two methods: Parallel Axis Theorem and

Transformed-Section Method [88]. The former permits complex cross-sections to be

determined and can be mathematically represented as such:

xNA =
Σn

i=1xNA,i Ai

Σn
i=1Ai

(2.12)

Ix,i = Ixc,i + Ay2
NA,i

ITotal = Σn
i=1 Ix,i

(2.13)

where A and zNA represent the section’s area and z-distance (i.e. vertical) from the sec-

tions neutral axis (NA) to the overall cross-section’s NA respectively. However, there

are potentially multiple materials that need to be appreciated in the above equations.

This is where the Transformed-Section Method is applicable: it allows one material

to be transformed into another through the modular ratio, whereby the NA must be

located at the same position as it was before (i.e. the ratio can not alter a geometry that

effects the NA). Hence, the modular ratio is applied to material sections widths al-

lowing conversion into a homogeneous cross-section. The modular ratio is expressed

mathematically as such:

nc =
Ec

Es
(2.14)

Hence, the above provides a literature tool-kit to determine the theoretical deflection

and rotation due to EFs and temperature changes in multi-material, complex and vari-

able cross-section cantilever structures.
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2.3 Scanning Thermal Microscopy

With the two above key topics reviewed, to fully explore thermal bending in AFM

cantilevers, it was determined that both the temperature and displacement of the can-

tilever should be measured. SThM cantilevers allow simultaneous measurement of

both and so were employed throughout this work. Therefore, their operating princi-

ples are expanded below, followed by the key developments over the years that have

resulted in modern day SThM devices.

2.3.1 Operating Principles

As a type of AFM, SThM utilises a probe that is scanned across a surface whilst mon-

itoring the tip-sample force. This is performed simultaneous with thermal measure-

ment and so produces a spatial and thermal image of the scanned surface. The spatial

resolution, as previously articulated for AFM, can be down to the atomic scale with the

thermal resolution potentially approaching 0.01 K [90], [91]. However, these are de-

pendent upon the cantilever geometry, tip shape and thermal measurement technique.

The latter being a key variable and influences how they are operated. Broadly, there

are four key mechanisms for temperature measurement: thermovoltage, electrical re-

sistance, fluorescence and thermal expansion [92]. Each of which have a pronounced

temperature dependent mechanism and so permit temperature quantification. Each

are briefly explained below:

• Thermovoltage

This is based upon the thermoelectric effect that generates a voltage with tem-

perature between two dissimilar electrodes in-contact with each other. The elec-

trodes can be either located between the tip and sample, such as in tunnelling

thermometry [93]–[96], or formed at the tip of the cantilever itself, for example in

thermocouples [97]–[100] or Schottky Diode Probes with a Thermal Sensor [100],

[101].

• Electrical Resistance

Exploiting the relation of electrical properties and temperature within conduc-

tors, measurement and heat generation in AFM tips is possible. This involves a
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resistive element (typically a noble metal such as Palladium or Platinum) whose

electrical resistance changes with the phonons limiting electron flow that is re-

lated to temperature change. Temperature and resistance then have a posi-

tive correlation in most materials with the Wollaston Wire Probe being the first

demonstrated [102]. By passing differing currents through such a probe, it is

possible to also use it as a localised heat source thanks to Joule heating of the

tip. However, some cantilevers do not have a metallic resistive element and use

semiconductor material to generate heat for thermomechanical actuation, ther-

mal analysis, data storage or nanolithography. The first probe of this form was

developed by IBM using doped Si [103].

• Fluorescence

Employing the highly temperature dependence of fluorescence, temperature can

be quantified by monitoring the emitted intensity. The latter is proportional to

the population of excited states related to temperature, whereby Bose-Einstein

statistics can connect these when the material is under thermal equilibrium.

Therefore, SThM probes have been constructed through the placement of a fluo-

rescent particle on an AFM tip [104], [105].

• Thermal Expansion

This technique utilises the connection of temperature with the expansion of a

material or materials that the AFM cantilever is constructed from. The vast

majority of materials expand when temperature increases which is captured

through its CTE. Therefore, how the cantilevers material displaces is directly cor-

related to temperature change. Cantilevers employing this phenomenon have

taken various forms that either use thermoacoustic such as in a Scanning-Joule

Expansion Microscope [106] or AFM-Infrared [107]. However, some cantilevers

are made from two materials and use the Bimetallic effect or thermal bending

[108].

From the above, it can be seen that there are many different types of SThM probes

that can measure temperature either qualitatively or quantitatively through a variety

of mechanisms. These are organised in Table 2.1 for a clear overview. However, one
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key aspect is how these all came about and developed. This is subsequently expanded

in the following section.

TABLE 2.1: SThM Mechanism Classifications [92], [109], [110]

Classification Sub-Classifications

Fluorescence Fluorescent-Particle-based Probes

Thermal Expansion Bimorph Sensors; Scanning Joule Expansion Mi-
croscopy; AFM-IR Technique

Thermovoltage Tunnelling Thermometry; Point Contact Thermocou-
ple Method; Thermocouple Probes with Thermal
Sensor; Schottky Diode Probes with Thermal Sensor

Electrical Resistive Change Metallic Probes; Doped Si Probes

Other Thermal Radiation Scanning Tunnelling Microscopy

2.3.2 Development

A technique that maps topography alongside thermal properties in a SPM [1], SThM

was first demonstrated by Williams and Wickramasinghe in 1986 [18]. They devel-

oped a non-contact, high resolution profiler that utilised a thermocouple at its tip to

measure heat flow to control the gap between the tip and sample. This employed an

electronic feedback system similar to G. Binnig and H. Rohrer’s STM in 1982. Not

directly employed for quantification of thermal properties at the nano-scale, it did

demonstrate the ability to do so at a high resolution. Hence, an explosion of probes

focusing on thermal measurements occurred: Tunnelling Thermometry (1989) [93],

Kelvin Probe Force (1991) [51] and Scanning Thermal Conduction (1992) [94] micro-

scopes. The former utilised thermal measurement (using a thermocouple generated

between the tip and sample) to determine the degree of absorption of light due to the

sample and so determine its chemical make-up. The latter two were based on the con-

cept of temperature change inducing a shift in the electrochemical potential difference

between a metallic tip and sample. All three techniques required a conductive sam-

ple and so restricted their capability for thermal property measurement. However, it

did not take long to overcome this. In 1993 A. Majumdar exhibited an AFM system
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with a thermocouple tip formed from two different metal wires that met to produce

the tip apex [111]. A diagram showing this arrangement can be seen in Figure 2.12.

This was an important step as it demonstrated simultaneous thermal and topographic

measurement in the flexible AFM system. Therefore, electrically insulating samples

could be scanned [91]. However, there were problems such as the sensor deforming

that effected its reproducibility. Following this, R. Pylkki et al. invented the Wollaston

Wire Probe in 1994 that demonstrated a leap in thermal and topographic performance

[102]. Constructed from a thin wire of Platinum/Rhodium in a v-shape to create a tip,

changes in electrical resistance of the wire due to temperature enabled its measure-

ment. A Scanning Electron Microscope (SEM) image of this can be seen in Figure 2.13.

With spatial resolution down to 100 nm , it is still utilised to this day due to great sam-

ple compatibility, high temperature coefficient of resistance, high endurance and fast

response time. However, its large thermally active area prevents high spatial-thermal

resolution.

FIGURE 2.12: A.Majumdar SThM Design Diagram [111]

Through micro/nanofabrication techniques, sharper tips were produced to en-

hance spatial resolution, thermal response time and thermal sensitivity [112]. Hence,

subsequent probes were fabricated by G. Mills et al. in 1998 [97] that were focused

on batch fabrication as opposed to individual craftsmanship. Structurally constructed

from Silicon Nitride (SiNx), these utilised a thermocouple made from thin Au and

Palladium (Pd) depositions at its tip for thermal measurement. Specifically, it used

Electron Beam Lithography (EBL) for this tip definition permitting reproducible ther-

mocouple tips with a radius of 50 nm. This enabled commercial production and dis-

tribution of SThM probes. However, these thin thermocouples did not demonstrate
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FIGURE 2.13: Scanning Electron Microscopy Image of a Wollaston Wire
Probe [92]

the same sensitivity as their bulk form, as well as suffered from non-linear thermal

response and difficulty maintaining a constant temperature cold junction (especially

over hot samples producing large thermal energy). With these drawbacks, a new

probe based upon the change in electrical resistance with temperature was batch fab-

ricated by P. S. Dobson et al. [49]. Similarly batch fabricated to G. Mills et al., they

were constructed from SiNx with a Pd resistor at the tip. Two different types were

constructed of a two and four terminal configuration for the electrical resistance mea-

surement of the Pd which can be seen in Figure 2.14. The former is a more standard

SThM design, while the latter allowed localised tip resistance measurements that re-

moved wire resistance and any changes that occur to them on its thermal measure-

ments. Irrespective of design, the probe demonstrated excellent characteristics due to

the resistive thermal sensor’s linear thermal response, enabling simpler calibration.

Moreover, additional design tweaks to the original G. Mills et al. design were per-

formed. This included a longer tip to increase cantilever and sample distance and

so reduce air conduction artefacts alongside reducing spring constant rendering the

quality factor immaterial. However, some caveats to this design were apparent. Util-

ising the change in electrical resistance due to temperature change of a Pd sensor, it

is susceptible to Joule heating occurring during thermometry, effecting the thermal

measurement. This is due to the sensor requiring an electrical current for resistance

and thermal measurement. However, research by Y. Ge [113] realised that this could
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be rendered negligible by reduction to a current less than 0.2 mA. Further develop-

FIGURE 2.14: Two & Four Terminal Resistive SThM SEM Images [49]

ments were made to the SThM probes fabricated by P. S. Dobson et al. with a change

in the shape of the probe. This involved ribbed/grooved cantilevers by Y. Zhang et al.

[114] as seen in Figure 2.15. This design aimed to attenuate thermal bending to permit

hotter samples to be interrogated alongside more accurate topographic measurement.

Outwith the above commercial SThM design, alternative SThM probes where fab-

ricated such as the Point Contact Thermocouple probe in 2010 by S. Sadat et al. [115]

and novel SThM resistive tips by P. Janus [116] alongside a number of others. Fur-

thermore, developments and research employed on these existing SThM probes was

performed [39], [114], [117]–[120]. However, the batch fabricated probe developed by

G. Mills and P. S. Dobson et al. that is fabricated by Kelvin Nanotechnology (KNT) at

the James Watt Nanofabrication Centre (JWNC) [2] is a well used and common one in

the academic and commercial SThM communities due to the following attributes:

• Ability for perform passive (thermometry) and active mode (thermometry and

heat source) SThM measurements [109]

• Relatively good topographic imaging for SThM

• Greater conformity between probes and so standardisation and reproducibility

of application

• Demonstration of sound calibration [121]

The two main types of probe manufactured by KNT over the years are the KNT-

SThM-1an (also named VITA-XX-GLA-1) and KNT-SThM-2an probes. The former em-

ploys a two terminal design for resistive interrogation of a Pd (thickness of 45 nm) sen-

sor that was connected through Au wires (145 nm), all deposited on a SiNx cantilever
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FIGURE 2.15: Grooved Resistive SThM Probe SEM Images & Graphic [114]

(400 nm). A view of this can be seen in Figure 2.16. However, the KNT-SThM-2an

probes use the ribbed/grooved design [114] that aimed to mitigate thermal bending,

but were unsuccessful in completely attenuating this.

FIGURE 2.16: SEM Image of a KNT-SThM-1an Probe
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2.4 Fabrication

With all the literature reviewed for AFM, SThM and thermal bending, the final com-

ponent to be explored was the main fabrication techniques appropriate to AFM and

SThM probe manufacture. This was required to inform on the constraints imposed by

probe fabrication on their design alongside how to manufacture new probes within

this project. Therefore, any design improvements proposed such as to attenuate ther-

mal bending could subsequently be conceived and fabricated. As with most micro-

sized devices, the majority of AFM probes utilise three main processes in their fabrica-

tion: Lithography (patterning), Etching (removing material) and Deposition (adding

material). Each shall be expanded below.

2.4.1 Lithography

Lithography can be defined literally from its Greek origins with "lithos" and "gràphein"

meaning stone and write respectively which dates back to 1796 to Aloys Senedelder

who first invented the process based upon the repellent nature of oil and water on

stone to produce images [122], [123]. It has changed and developed a lot since this

humble beginning, whereby a significant modern day application is to generate micro

and nano-metre scale patterns within the semiconductor industry. Within this area,

there are various techniques to generate patterns at this resolution. The two main

types of which are mask based or direct-write lithography [124]. However, it is not

just confined to these where there are Scanning Probe based and Nanoimprint Lithog-

raphy, but these are rarely employed in AFM fabrication. Mask based and direct-write

lithography predominantly utilise radiation to expose photosensitive materials that

are spun on samples to produce an exposed pattern. When the latter occurs, the pho-

tosensitive material (typically a polymer called photoresist) reacts to the radiation to

change its solubility [123]. Once this has occurred, it can be subject to a chemical called

a developer that removes the exposed/unexposed photoresist leaving the desired pat-

tern. This can then be processed further to either remove (etch) or add (deposit) ma-

terials in the form of the defined pattern. With this general definition, the two main

types of lithography in mask-based and direct-write can be further elaborated below.
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2.4.1.1 Mask Based - Photolithography

Within mask based lithography, the most common and relevant form to batch fabrica-

tion of any micro-sized device such as AFM, is Photolithography. This employs Ultra-

Violet (UV) radiation to expose samples through a quartz mask with a chromium de-

fined pattern [123]. This can achieve resolutions down to 100 nm [123]. A visualisation

of this can be seen in Fig. 2.17, whereby the follow on process of either increasing or

decreasing the photoresist’s solubility and developing the pattern can be seen. This

exposure can be performed either in contact, close proximity or projected. The former

being with the mask and photoresist making contact during exposure, where the latter

two with a close and large gap between them. With this technique, there are a num-

Photoresist

Substrate

Mask

UV Radiation

(a) Exposure

(b) Development -
Negative Photoresist

(c) Development -
Positive Photoresist

FIGURE 2.17: Diagram of Photolithography Exposure & Development

ber of traits it possesses enabling it to be popular in microfabrication. The main one

being able to expose all the patterns simultaneously and so reducing exposure and

production time. This major benefit is the reason for its employment in batch fabrica-

tion of devices, such as AFM, as it allows the definition of multiple probes on a single

substrate.
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2.4.1.2 Direct Write - Electron Beam Lithography

The other main type of lithography is direct-write techniques such as Electron Beam

Lithography (EBL). Although less employed in batch fabrication, this allows for high

resolution features to be written that are especially crucial for more bespoke AFM

probes or very sharp tips [114], [125]–[130]. Focusing on EBL as a common type of

the direct-write technique, it involves focusing a beam of electrons that exposes the

photoresist and through displacing the beam, a pattern can be written. Due to elec-

tron’s wavelength being four or five orders of magnitude less than for example UV

light, it can generate very high resolution patterns down to sub-10 nm [131]. This res-

olution and exposure (also called dose) is controlled through the beam current, spot

size, dwell time (i.e. time the beam lingers over a region) and beam-step-size to de-

fine a wide range of patterns [132]. As a result, it can produce varied and very high

resolution patterns. However, it can not expose the whole pattern simultaneously like

in Photolithography and only through individual pixel exposure from displacement

of the beam spot to define the pattern. A diagram illustrating an EBL system can be

seen in Fig. 2.18. As a result of the operating principle, it typically takes a lot longer to

define the pattern than Photolithography, but renders far greater resolution definition

and typically more precise alignment.

Before proceeding on with literature pertaining to processes that exploit this pat-

terning to define features, alignment should be focused on as this is a major aspect in

EBL and a major benefit of it. Due to EBL using a beam of electrons, it can utilise this

for imaging purposes like an SEM (the first EBL system was in-fact a modified SEM

[132]). Therefore, they can image regions and identify features whereby these can be

used to align the beam and accurately define the pattern relative to this. These fea-

tures are typically called markers with the most ubiquitous being crosses. The mark-

ers can be broadly placed into two categories of global and local markers. The former

is used to correct for placement and rotation of the sample/wafer where crosses typi-

cally have a line width of 2-6 µm and 100-200 µm in length/height. However, they do

not have to be crosses whereby alternatives include L-shaped [133], squares and even

more advanced shapes/patterns such as Sierpinsky carpet pattern and Penrose tiles
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FIGURE 2.18: Diagram of an Electron Beam Lithography (EBL) System

[134]. Regarding local markers, these can be useful for multiple purposes: compen-

sate for mechanical/Thermal Drift for pattern definitions over a long period of time

and provide diagnostic information on displacement over time/location [132]. More-

over, with accounting for potential drift they can ensure a fine tolerance for writing

a pattern in the desired location when it is nearby the local marker (e.g. hundreds

of microns). Although these two marker types are separate, they can utilise the same

marker on the sample (e.g. cross, square) for their specific categories purpose. Fur-

thermore, these markers on the sample that the EBL aligns to can be defined either

through deposition (typically a metal) or etching. Employment depends on a number
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of factors such as the overall process steps (e.g. if a metal is used to define the markers,

then no etches that would remove that metal are possible), required resolution, facil-

ity process capabilities and ease. Overall, these markers permit EBL to have a very

fine tolerance in pattern location coupled with the electron beam providing sub-10

nm resolution enabling a very powerful lithography technique.

2.4.2 Etching

With lithography providing an ability to create patterned areas defined by photoresist,

the sample can be processed according to this. One of two key processes employed to

take advantage of this in micro/nano-fabrication is etching. This is the simple process

of removing material. However, there are many different ways this can be achieved,

with the two main classifications of Wet and Dry Etching [135]. The former refers to

subjecting the patterned sample to a liquid that chemically reacts with it (called an

etchant) to remove selective or multiple materials on it. The latter however utilises

gaseous based methods such as plasma (i.e a dry fluid and hence the name) to remove

the materials either through chemical and/or mechanical agitation. Each type will be

further explored below.

2.4.2.1 Wet Etching

This technique employs chemical reaction of an etchant with material(s) to remove

it from the sample. Generally, this exploits two types of chemical reaction involving

either a metal or insulator, whereby the former involves electron transfer while the

latter is an acid-baser reaction [123]. Common examples employed in Si based devices

are:

(1) Si (s) + 2OH− + 2H2O→ Si(OH)2(O−)2 (aq) +2H2 (g)

(2) SiO2 + 6HF→ H2SiOF2 (aq) + 2H2O

Furthermore, this type of etch is typically isotropic meaning it etches uniformly caus-

ing spherical or rounded profiles. As a result, it can struggle to define fine features.

However, this is not always the case such as for Hydroxide based etches of Si. One

example being reaction (1) above which generates a 54.7◦ angled etch to the flat due to
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its ability to etch the {111} plane more than the other crystalline planes [136]. Along-

side this, how this etchant is exposed to the sample varies with the three main types

being bath (submersion in a bath of the etchant), spray (spraying the etchant onto the

sample) or single-wafer processing (spraying the etchant but singled sided). Using

the former as a example, typical equipment include a vessel (e.g. Quartz, Teflon) with

heating and temperature control. A simplified graphical depiction of such a set-up

can be seen in Fig. 2.19. In addition, temperature control is a common feature due to

elevated temperature typically altering the reaction and etch rate [137]. However, as a

Temp.
Feedback
Control

Heater

Thermometer

Sample

Etchant

FIGURE 2.19: Simplified Diagram of a Wet Etch Kit

result, it requires sound and ideally uniform temperature control to ensure consistent

etch rates. Additionally, most wet etches are controlled through time of exposure to

the etchant and so a consistent etch rate is required for more accurate magnitudes of

the material to be removed in the process making it highly dependent on the chemical

concentration and temperature control. As a result, wet etching can be challenging

to produce consistent etch depths, but has the ability to produce unique etches and

remove a significant magnitude of material while being relatively low in its initial

capital expenditure [137].
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2.4.2.2 Dry Etching

Moving onto dry etching, this involves the removal of material from a surface using

gases or plasma which do not wet the surface (hence the name) [124]. This can utilise

chemical reaction and/or physical sputtering to remove materials from a sample. The

former is similar to wet etching, while the latter involves ions that accelerate to the

sample surface and through transfer of momentum, remove particles on the surface.

Many dry etch techniques involve the employment of plasma etchant which is typ-

ically formed by the presence of gas(es) between two electrodes that has a certain

frequency in the flow of electrons. These electrons cause dissociation in the gas to turn

it into a plasma containing reactive species such as ions (positively and/or negatively

charged), radicals/neutrals, electrons and photons [138]. One of the most popular dry

etch techniques is Reactive Ion Etching (RIE) and is employed in the fabrication of

many micro/nano sized devices such as AFM cantilevers. This utilises both chemical

and physical aspects to etch the surface typically in a synergistic fashion. The former

utilises the reactive species while the latter uses ions to physically bombard the sam-

ple surface. The ions bombard the surface due to the electrons greater mobility than

ions in the plasma and the lower plate (which the sample is on) being connected to a

blocking capacitor. Hence a build-up of negative charge occurs that the positive ions

are attracted and accelerate towards to physically etch the sample surface. As a result

of these two mechanisms and ability to control them, it is very popular in academic

and industrial sectors. One example of an RIE system can be seen in Fig. 2.20 for a

parallel plate configuration with a shower head gas delivery, whereby one plate acts

as an anode and the other a cathode. In this example, the sample to be etched is lo-

cated on top of the lower plate. With this basic understanding, the following etches

are examples employed in RIE:

Hexafluoroethane (C2F6) Etch of Silicon Nitride & Silicon Dioxide:

A non-selective etch of SiNx and SiOx with a similar etch rate for both to produce a

vertical sidewall [139].

Trifluoromethane and Oxygen Etch of Silicon Nitride:

A selective etch of SiNx over SiOx and Si (approx. 2:1 and 10:1 respectively) which

generates vertical and smooth sidewalls of SiNx [139].

DOCTORAL THESIS Christopher W. Mordue



2. Literature Review 41

Gas

Pumps

Table
Power

Shower Head
(Upper Plate)

Lower Plate

FIGURE 2.20: Diagram of a Parallel Plate RIE System

2.4.3 Deposition

With an understanding of how to remove material, the opposite of adding material

was equally required to be reviewed. There are a host of deposition techniques which

can be broadly categorised as such with the following description [124]:

• Physical Vapour Deposition (PVD):

Utilising a physical process (e.g. sputtering) to transform a solid or liquid source

material into a gaseous state that solidifies on the sample.

• Chemical Vapour Deposition (CVD):

Reaction of multiple chemicals in a gaseous state to produce a vapour that solid-

ifies on the sample surface.

• Electrochemical or Chemical Deposition:

Submersion of the sample in electrolyte, whereby the conductive deposited ma-

terial forms on the sample through the exchange of electrons, e.g. electroplating.

• Spray and Spin Coating:

Materials (typically organic) in a liquid phase are sprayed or spun onto the sam-

ple to form a thin film, e.g. photoresist.
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• Solgel Technology:

Dip based technique that employs small solid particles dispersed in liquid that

are transformed in a gel for deposition.

Alongside the above, there are hybrids such as combining physical and chemical

mechanisms to deposit thin-films. However Spin Coating, PVD and CVD are very

common in the fabrication of micro-sized devices such as AFM cantilevers. The latter

two shall be explored as these are key and require further understanding to properly

appreciate their impact due to their more complex nature.

2.4.3.1 Physical Vapour Deposition (PVD)

PVD techniques can be separated into Thermal Evaporation or Plasma based tech-

niques. The former evaporates the desired material which condenses on the samples

surface while the latter typically employs ions in a plasma to eject particles from a

target, whereby the particles then deposit on the samples surface (commonly called

sputtering) [124]. Sputtering is the dominant technique for Plasma based, while Ther-

mal Evaporation has multiple such as flash, resistive and electron-beam evaporation.

The latter is commonly utilised and involves a beam of electrons that heats up the ma-

terial desired to be deposited and vaporises it. This shall be further expanded below.

Electron-Beam Evaporation

This technique operates under vacuum and employs an electron beam focused onto

an ingot of metal causing it to evaporate and solidify on the sample above. This set-

up is very effective and utilised widely due to its low levels of contamination, good

process control, directional deposition and efficient heat transfer [136]. Deposition

thickness is controlled through the employment of Quartz crystals. The latter func-

tions by measuring changes in the crystal’s resonance frequency to infer the thickness

deposited and are very accurate [124]. Furthermore, to enhance deposition uniformity,

stages are typically rotated during deposition. A simplified diagram depicting such

an e-beam system can be seen in Fig. 2.21.
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FIGURE 2.21: Simplified Electron-Beam Evaporation Tool Diagram based on
Plassys II & IV in JWNC

2.4.3.2 Chemical Vapour Deposition (CVD)

As previously highlighted, this uses chemical reaction(s) to coat the desired substrate.

As a result, there are a vast array of reactants, types of reactions and products in-

volved in CVD. Moreover, there are sub-categories within CVD: Atmospheric and Re-

duced Pressure CVD; Low Pressure CVD; Plasma Enhanced CVD; Inductively Cou-

pled Plasma CVD and Laser Induced CVD [124]. Low Pressure CVD (LPCVD) for

example operates between 20 and 85 Pa. In this case, this low pressure is advanta-

geous due to the resultant diffusion gradient generating minimal concentration gra-

dient perpendicular to the gas flow direction. Therefore, this deposits very uniform

films with good control. However, this set-up can render relatively low deposition

rates such as 2.5-10 nm/s. A graphic depicting an example LPCVD set-up can be seen

in Fig. 2.22. One pertinent example of a deposition material is SiNx which is typi-

cally deposited through the reaction between dichlorosilane and ammonia [140]. The

chemical reaction for which can be seen below which generally occurs between 700 ◦C

and 800 ◦C:

3SiCl2 + 4NH3 → Si3N4 + 6HCl + 6H2

Therefore, samples which undergo such a deposition need to consider both this above
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FIGURE 2.22: Simplified Diagram of a LPCVD System

reaction along with the temperatures. For example, samples with metals that reflow

and/or melt up to this temperature will not be able to be processed using the above

technique. This is a factor that is required to be borne in mind for the majority of CVD

depositions and is a limiting factor relative to other techniques.

With all of the above, a general overview of Deposition, Etching and Lithography

has been performed to provide a sound understanding of the processes and so factors

involved in AFM and SThM probe manufacture. Furthermore, a good appreciation

has been acquired for AFM, SThM and Thermal Drift from literature. All of this was

useful for the project and will be employed in the coming chapters. Hence, the next

stage was to outline the exact methods utilised to investigate thermal bend in AFM

cantilevers.
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3. Research Method

With a sound grasp of the relevant literature, the method applied in this project for the

exploration of thermal bending in AFM cantilevers utilising SThM shall be expanded

in this chapter. This has been broken down into three clear segments: AFM cantilever

modelling; experimental quantification and attenuation of thermal bending through

techniques and fabrication of new designs. However, before elaborating upon these,

the exact type of SThM cantilever employed needs to be established. KNT-SThM-

1an probes were chosen due to their well understood thermal attributes; sound con-

formity across probes due to batch fabrication and their susceptibility to thermal in-

duced bending from their thick Au coating. In-conjunction with this, KNT-SThM-2an

(the grooved cantilever) was investigated for its promise to attenuate thermal bend-

ing, but demonstrated lack of ability to completely do so. Therefore, these provided a

good lens to quantify and examine thermal bending in AFM.

3.1 Modelling

The objective of modelling in this project was to obtain an enhanced understanding

through its development along with its final utilisation as an easy, fast and flexible

design tool to aid exploration of thermal bending and potential solutions to it. Once

experimentally validated, the latter was possible along with the confidence that it was

developed on good foundations. In addition, previous heat transfer models in the

author’s academic group [113], [141], [142] have been produced and an ability to ad-

vance these would be very powerful. This would open up the potential for these heat

transfer models (e.g. thermal resistive networks) and their generated temperature

distributions to have their thermal bend evaluated. These models utilised the Finite
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Difference Method (FDM), where AFM cantilevers are simplified into a 1D model.

Hence, an equivalent thermal bend model would permit integration.

FDM modelling was possible in determining mechanical displacement by using

the method of superposition. This required development of the author’s own mod-

elling programme which provided an excellent vehicle for learning and understand-

ing the fundamental factors and mechanisms involved in thermal bending alongside

general AFM mechanics. In addition, complete control over the model’s abilities was

possible, providing a great degree of flexibility along with its low computational in-

tensity making it much faster than Finite Element Analysis (FEA). Therefore, the FDM

method was chosen and Python programming language utilised in the Spyder in-

tegrated development environment. However, other modelling techniques such as

FEA were employed during the project to not only help initially validate the FDM

model, but also when a more complex appreciation of AFM cantilevers was required.

Hence, these two modelling techniques were employed using the following described

method.

3.1.1 FDM Model

3.1.1.1 Thermal Bend Equations

As mentioned in Section ??, Equation 2.6 provides a sound relation between a multi-

layered structure’s curvature due to temperature change. However, this does not ac-

count for variable widths. This can be accounted for by including them in each mate-

rial’s expression in the equations as shown below:

c =
(Eswstsαs + ∑n

i=1 Eiwitiαi)∆T
Eswsts + ∑n

i=1 Eiwiti
(3.1)

tb =
−Eswst2

s + ∑n
i=1 Eiwiti(2ti−1 + ti)

2(Eswsts + ∑n
i=1 Eiwiti)

(3.2)

K =
3[Eswst2

s (c− α∆T)−∑n
i=1 Eiwiti(c− αi∆T)(2ti−1 + ti)]

Eswst2
s (2ts + 3tb) + ∑n

i=1 Eiwiti[6t2
i−1 + 6ti−1ti + 2t2

i − 3tb(2ti−1 + ti)]
(3.3)

Therefore, curvature due to temperature change of multi-material and layered

DOCTORAL THESIS Christopher W. Mordue



3. Research Method 47

structures, as seen in AFM cantilevers, could be calculated for variable widths, thick-

nesses, locations and even temperature changes. The latter of which is typically as-

sumed equal across micro structures like AFM cantilever’s due to the micro or sub-

micron thickness and its low thermal capacity.

In addition to the above, the literature review articulated how relatively thick coat-

ings may be more accurately modelled by determining the effective modulus. The util-

isation of which will depend on the particular AFM cantilever modelled. The SThM

cantilevers predominantly utilised in this work have a coating-to-thickness ratio of

3:8. This exceeds the ratio of the bimorph where the effective modulus was employed

by J. W. Yi et al. [86]. Therefore, it should be used for these and potentially other

AFM cantilevers and was included as a capability in the FDM model. With this in

mind and given Equation 2.7 does not include widths or more than two materials, a

new equation needed to be derived. Based upon the original derivation by A. Li et al.

[85], this was possible utilising the equations for determining the NA (Equation 2.12),

Parallel Axis Theorem (Equation 2.13) and the Transformed Section Method (Equation

2.14). The latter two equations permit the second moment of area (I) to be determined

and a graphic depicting this when appreciating an Au layer can be seen in Fig. 3.1.

Application of these methods generated the following relations and the final effective

NA

NA

ncwc ncwc

wc wc

Transformed Section
Method

Areas Above
& Below NA
for I

FIGURE 3.1: Diagram of the Transformed Section & Second Moment of Area
Appreciation for Single Au Coating
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modulus derivation for an n number of coatings:

xNA =

wst2
s

2 +
n

∑
i=1

niwiti(
ti
2 + ts +

n
∑

i=1
ti−1)

wsts +
n
∑

i=1
niwiti

(3.4)

I =
x3

NA
3

+
(ts − xNA)

3

3
+

n

∑
i=1

[nit3
i

12
+ niti(

ti

2
+ ts − xNA +

n

∑
i=1

ti−1)
2
]

(3.5)

Ee f f ,w =
12Es I(

ts +
n
∑

i=1
ti

)3 (3.6)

where Ee f f ,w is the effective modulus with width appreciation. The equation pertain-

ing to the second moment of area assumed that the NA lies along the substrate layer,

which encompass the vast majority of AFM cantilevers due to the substrate provid-

ing the majority of the mechanical stiffness and cross-sectional-area. Although, if this

was not the case, the same method can be employed to derive an equation assuming

the NA lies along the coating if required. Regarding the manipulation to the effective

modulus, like in all the literature explored, this assumes that the structure is rectangu-

lar as it aims to provide an adjustment for relatively thick coatings to the overall can-

tilever’s stiffness. However, the structure is actually more accurately visualised as two

stacked rectangles of varying widths. If this varied width structure was assumed in

the effective modulus Equation 3.6, the same magnitude as the substrate is produced

due to it essentially cancelling out the coating’s contribution in the homogenising as-

pect that the calculation aims to achieve. Therefore, this was not utilised in the FDM

Model and a simple rectangular structure assumed. With the above determined, in-

terpretation into displacement and rotation of the thermal induced curvature (Eq. 3.3)

and EF (Eq. 2.10 & 2.11) equations needed to be determined.

3.1.1.2 Solid Mechanics Theory

How to deduce the appropriate solid mechanics theory comes down to what type of

structure the AFM cantilevers are best approximated to and how they respond to the

application forces. Firstly, the AFM cantilever structure was required to be defined.

The most appropriate structural member is a beam due to AFM cantilevers being long
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and bearing loads that act across/perpendicular to their longitudinal axis. The main

loads producing dominantly longitudinal bending (assuming the structure is symmet-

rical about the longitudinal plane and the tip is coincidental to this). For this project

the loads are both tip forces and temperature changes that induce bending. It should

be noted at this stage, that AFM cantilevers are typically raster scanned laterally and

so are usually subject to some degree of twisting/lateral forces. However, deflection

used to measure topography is along the longitudinal plane of symmetry and only

pertains to the vertical axis. Twisting is due to lateral forces/friction and when just

effecting the lateral axis at a relatively low magnitude to the main vertical load, the

beam classification is still applicable. In addition to this definition, AFM cantilevers

are generally considered slender beams. The exact definition of this term is ambigu-

ous with different mathematical thresholds. However, the general definition is a beam

with a small cross-section relative to its length, with J. M. Gere [88] stating it as a beam

with a length-to-height ratio of more than 10. Taking either the subjective or objec-

tive definition, AFM cantilevers explicitly come under this description due to their

relatively thin nature. For example, non-grooved or flat SThM cantilevers produce a

ratio of 272.7, far exceeding the mathematical definition. The dimensions of which

are typical of most AFMs and so it would be fair to assume all AFM cantilevers are

slender beams. As a result, Euler-Bernoulli beam theory is the most applicable solid

mechanical theory to AFM cantilevers as this accurately describes slender beams. An

example depicting the appropriateness of this for SThM cantilevers can be seen in Fig.

3.2 from a proportional side-view. Moreover, there are many applications of this the-

F

0.55
150 � 10

0.55 µm

150 µm

FIGURE 3.2: Scaled Side-View of a SThM Cantilever With Slender Beam
Ratio

ory to AFM cantilevers [143]–[148], with the references stated to name but a few. One

point, as articulated in Literature Review’s Section 2.2.2, is that the theory requires the
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assumption of deflections not being significant. Hence, large tip forces or temperature

changes that generate large deflections which change the cross-section’s normal rela-

tion to the beam axis may not be best described by this theory. With the thin nature

of AFM cantilevers alongside their relatively low force to cantilever spring constant,

as well as the design of typical AFM systems, Euler-Bernoulli beam theory is applica-

ble. Along with all of the above, it should be noted is that temperature change can be

uneven and produce twisting (potentially contravening one of the theories assump-

tion’s). However, due to the thin and low thermal capacity of most AFM cantilevers,

the vertical displacement is still the most significant and there is not a great temper-

ature disparity across the widths. This would only not be the case if an abnormally

wide and unique AFM cantilever was fabricated that would likely not follow many

of the Euler-Bernoulli beam theory assumptions made for AFM cantilever’s in gen-

eral. Hence, twisting may occur in some AFM cantilevers, but it is relatively low in

relation to the change in vertical displacement and this direction is the main concern

in AFM for measuring force and outputting topography. Regarding tip-forces, the as-

sumptions are completely applicable which is ideal for the resultant stresses, strains

and displacements from a tip force. This is essential as modelling of this behaviour is

required for theoretical comparison to AFM operation and interpretation of thermal

bending. This is due to AFM’s typical InvOLS calibration being based upon a verti-

cal tip-force applied by a stiff surface. Alongside all of the above, it was possible to

simplify the cantilevers into a 1D model. This is due to their beam classification and

conditions rendering little or negligible change in cross-section dimensions. Hence,

they can be assumed constant throughout temperature change and/or load applica-

tion. What is more, with little deflection, the cantilevers do not plastically deform.

This is the common operational case for AFM cantilevers as they demonstrate elastic

behaviour which is essential for the application of Hookes Law (the whole theory be-

hind AFM’s force quantification). This 1D modelling also allows other heat transfer

models within the academic group to be integrated. Overall, Euler-Bernoulli beam

theory can be applied to describe the slender, elastic AFM cantilevers using 1D mod-

elling of thermal bending and tip-forces.

With all of the above established, some AFM cantilevers are relatively wide in

comparison to their length and thickness. For example, the flat SThM probes utilised
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in this body of work are 120x150x0.55 µm (width x length x thickness). With AFM

cantilevers shaped like this, they could be interpreted more as a plate and hence theory

requiring 2D modelling. However, there would be problems with such an approach:

orders of magnitudes greater computation time (reducing the benefit of a fast, flexible

model in comparison to FEA); may not be compatible with 1D heat transfer models

within the group; complex translation of thermal bend equations into the theory; over

complication of how AFM typically measures deflection with vertical direction being

the main focus that only requires 1D. The latter is in reference to the typical laser

spot’s large size relative to the cantilever width resulting in illumination across the

majority of the cantilever’s width. As a result, the deflection measurement is made

from the change in reflected light intensity over a single spot size with a Gaussian type

distribution. Hence, this will generate deflection measurements that represent an area

of the cantilever that includes its complete width and a section of length, with greater

representation towards the spot centre. Therefore, it would be necessary to simplify

plate theory to accommodate this diffuse nature of the laser spot on the cantilever and

allow measurement of its rotation. Moreover, as mentioned, the vertical axis is the

direction deflection, force and topography are aligned to in standard AFM operation.

Therefore, just an appreciation of the summed plate like behaviour in this direction

would be required for each section. To that end, Euler-Bernoulli beam theory can

be adjusted utilising the Biaxial Young’s Modulus instead of the Young’s Modulus.

Therefore, this can be utilised to provide an appreciation for plate like deflection if

appropriate to the AFM cantilever being analysed. Hence this was chosen as an option

when applicable in the FDM model. This will maintain the goal and benefits of the

model alongside providing accountability for plate type structures’ behaviour when

needed.

3.1.1.3 End-Force Equations

Utilising the EF equations articulated in Literature Review’s Section 2.2.3.4, the appli-

cable equations can be generated. As stated, the EF equations are not only required,

but the bending moment that the EF generates with respect to the length from the end

is too for the superposition principle. As a result, the following equations for vertical
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deflection and rotation were generated:

δz,e =
FL3

e
3EIe

+
F(L− x)L2

e
2EIe

(3.7)

θe =
FL2

e
2EIe

+
F(L− x)Le

EIe
(3.8)

where Le, Ie, x denote the element length, element second moment of area and point

along the length of the cantilever respectively. The second moment of area can be de-

termined utilising the Parallel Axis Theorem and Transformed Section Method. The

result of which has already been determined for the effective modulus derivation seen

in Equation 3.5 with the addition of the appropriate width terms. Thus, these equa-

tions were able to generate a theoretical method for generating the InvOLS as this is

based upon the tip deflection and rotation along the cantilever due to an EF. More-

over, it allowed for a direct contrast between EF and thermally induced deflections

and rotations to be theoretically performed.

3.1.1.4 FDM Model Generation

Using all of the above and the principle of superposition, a FDM model was able to

be generated. As described within Literature Review’s Section 2.2.3, this principle

required Hookes law to hold true alongside only small deflections occurring. All of

which are also the case for the Euler-Bernoulli beam theory and therefore the concepts

are compatible. Subsequently, the AFM cantilever could be broken down into multi-

ple elements and the thermal bend and EF equations (i.e. the load) applied to each,

allowing the displacements and rotations to be computed. A visualisation of such a

fracturing can be seen in Fig 3.3 for the example of an SThM cantilever, whereby each

enclosed section is an element. In this diagram, as the cantilever is symmetrical along

its length, only half the structure is needed to be drawn and fractured as the geome-

try can be simply doubled. Moreover, a variable mesh was generated: incorporating

coarse (1 µm long) and a fine (0.025 µm) elements. This was to permit the finer fea-

tures of the tip to be accounted for and align to the other thermal models that required

such a meshing strategy.

As stated in the Section 2.2.3, for the superposition principle, the displacements
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FIGURE 3.3: Example of a Fractured, Half SThM Probe Drawing to Generate
Elements

and rotations then must be calculated. For the thermal bending Equations, this was

possible through the Euler-Bernoulli beam theory that relates the curvature to the de-

flection and rotation of beams thusly:

K =
d2z
dx2 =

M
EI

˙. .

θ =
∫

Kdx = Kx + c1

z =
∫∫

Kdx2 =
Kx2

2
+ c1x + c2

θ = 0 & z = 0 when x = 0

˙. .

c1 = 0 & c2 = 0

x = L at maximum length

˙. .

θ =KL

δz =
KL2

2
(3.9)

Hence, substitution of Equation 3.3 into the derived Equations of 3.9 was possible to
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ascertain the rotations and deflections. However, for the EF Equations, no conver-

sion to rotation or vertical deflection was required as the governing equations were

already set-up to determine these with the Euler-Bernoulli beam theory. With this, the

subsequent equations were substituted into the mathematical relations set out by the

principle of superposition in Equations 2.9 and combined to determine the vertical de-

flection from an AFM cantilever utilising the desired number of elements. These are

shown below, where the small angle approximation was made regarding rotation:

δz,e,θe−1 = Σe
e=1Leθe−1

δz,e,total = Σe
e=1δz,e + δz,e,θe−1

δz,TOTAL = ΣTOTAL
e=1 δz,e + δz,e,θe−1

(3.10)

where δz,e and θe−1 can be determined from either the EF equations or thermal bending

for each element. Each of these elements were included by the generation of arrays

of numbers representing each property, e.g. substrate and coating widths. The main

properties that experience a change along the cantilever are the aerial dimensions due

to fabrication typically producing uniform thicknesses. These were produced by ei-

ther manually defining each property for each element, or application of Computer

Aided Design where 2D models can be read to produce these dimensions (as seen

in Fig. 3.3). As the model was generated using Python in Sypder’s integrated de-

velopment environment, this was possible using L-Edit software that is commonly

employed for lithography definition. Alongside complex and non-prismatic aerial ge-

ometries, more involved cross-sections were also deduced. Specifically, alongside the

layered flat SThM’s layered structure, grooved cantilevers could be considered using

the Parallel Axis Theorem. Furthermore, additional features were implemented such

as:

• Gaps: width reduction at a specified location(s) along the cantilever

• Element Angling: angling elements relative to the flat

• Offset Force: offsetting the end force further towards the base

• Sensitivity Analysis: ability to vary one or multiple parameters through the

model and output results in 2D and 3D graphs
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Hence, a FDM model based upon sound assumption and theory was generated

that allowed for multi-material, layered AFM cantilevers to be theoretically appreci-

ated with regards to their thermal bend and EF mechanical behaviour. Moreover, due

to its flexibility, complex cross-sections could also be accommodated.

3.1.2 FEA Model

The method above describes the approach employed in the FDM model, but FEA is

an additional powerful method. A lot of background theory has already been pre-

sented regarding the valid assumptions and simplifications that can be made for AFM

cantilevers in the FDM Model. These can all be made in FEA, but as the FDM model

already utilises these, the FEA would only mirror the FDM output and not provide

additional insight. As a result, FEA was used to provide a more detailed, structurally

flexible and all encompassing analysis when required. However, this does come at the

expense of ease and speed. This would make no simplifications to the physical nature

of the cantilever such as assuming it is 1D or 2D. Therefore, a 3D, deformable solid

model was produced that utilised hexagonal, structured elements with quadratic ge-

ometric order, hybrid formulation and reduced integration. The exact element type

was based upon previous work within the academic group by L. Avilovas alongside

literature by E. Sun [149]. These articulate that this should provide an accurate depic-

tion of bending in a beam and prevent the shear locking phenomenon. Moreover, both

of these conclude that at least four elements across the thickness should be utilised to

prevent hour-glassing. Alongside this minimum, a mesh convergence analysis of the

final SThM model was performed to determine the number of elements across the ma-

terial thicknesses. The result of which highlighted that a greater number of elements

across the SiNx thickness rendered the greatest impact with 12 being an optimal num-

ber between result convergence, computation intensity/time and mesh generation.

The impact for Au was far less and four elements across its thickness was optimal.

Beyond these model conditions, the same mechanical and thermal properties utilised

in the FDM models were used in FEA’s. Abaqus Unified FEA by Simulia was em-

ployed to perform the FEA analysis and an example model can be seen in Figure 3.4

with a full mesh generation. It should be noted, that in this image, the tip requires a

different method for generating its mesh. This is due to its more variable and complex
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FIGURE 3.4: FEA - SThM Cantilever Constructed with Hexagonal Elemental
Mesh

geometry with the Pd sensor requiring more flexible mesh generation and so a sweep

construction instead of a structured one was employed. However, the same element

type was used to maintain consistency across the model.

Regarding some of the further conditions of the modelling method, the cantilever

models utilised fixed mechanical boundary conditions at its base and, in order to per-

mit the desired element type, partitioning was only possible through simplification of

some geometry features. For most AFM cantilevers, simplification was not required

due to their uniform material layers. However, for cantilevers with patterned lay-

ers (e.g. SThM cantilevers) this was required. Specifically, for the SThM cantilevers

utilised in this work, simplification of the Au and Pd pattern near the tip was re-

quired. This was in regards to the region of overlap between the Au and Pd where

it was simplified so only one of these was present (as assumed in all FDM models

within the academic group) alongside the Au coating terminating at the base of the

tip. Not doing so was very challenging to generate a sensible mesh and majorly en-

hanced its computational time and intensity alongside limited different designs to be

modelled. These simplifications are highlighted in Fig. 3.5, whereby an image of a

fabricated SThM tip and its FEA representation are shown together. Furthermore, as

can be seen in the figure, the tip base is assumed straight in the FEA model as opposed

to the slight triangular nature in reality. The latter of which will have a near negligible

impact. In addition to these, the NiCr adhesion layer (approximately 5 nm thick) was

substituted with Au as its inclusion would produce severe problems for partitioning

and so mesh generation due to it being very thin in the overall model. However, all
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FIGURE 3.5: Fabricated SThM Tip Compared to FEA’s Tip Simplifications

these differences cause little impact on the final deflection magnitude and behaviour

outputted due to the vast majority of the Au coating being appreciated and being di-

mensionally accurate along greater than 92 % of the cantilever length. Moreover, the

fabrication of the SThM cantilevers have some steps that have inherently uncertainty

with respect to the blue-print dimension. For example, wet-etching is utilised for the

pyramid definition (Step 12 in Appendix D) that dictates the location of the tip’s base

along the cantilever length. Therefore, due to a lack of etch-depth monitoring, it is a lot

more prone than other processes to over or under-etching. Hence, even a nominally

100 % accurate FEA model will not exactly represent all SThM cantilevers fabricated.

Moving towards how the model is thermally disturbed to appreciate thermal bend-

ing, a temperature change was imparted using the predefined fields functionality in

Abaqus. This meant temperature changes were stated as step changes in the model.

Therefore, with all of this modelling method and structure created, FEA models of

AFM and SThM cantilevers were developed, allowing their mechanical and thermal

bend behaviour to be theorised.

3.2 Experimental Quantification

With the theoretical work in place, real-world measurements were required to validate

the modelling outputs and provide a comparison to temperature induced bending,

deflection, force and topography change. Performing such work required an analysis

of the approach and tools that are best suited alongside the desired experiments and

practice.
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3.2.1 Measurement Approach & Tools

The approach used for the quantification and experimental work needed to be simple

and accurate. The former offering a reduction in problems, time-lost and enhanced

clarity of the resultant measurement, while the latter allowed a good representation

of the measurand. Overall, this helped provide quick and sound measurement for

optimal project progression.

3.2.1.1 Deflection Measurement

Regarding tools for deflection quantification, there were three potential options for

AFM cantilevers: AFM, Interferometry and SEM. The benefits and drawbacks of each

are articulated in Table 3.1. As can be seen, with the desire for both simplicity and

accuracy, SEM was not an ideal option due to its manual measurement method using

each image’s scale bar and its confined form factor for experimental set-ups. Hence, it

was quickly disregarded for this type of quantification. Focusing on AFM and Inter-

ferometry, the former provides an immediate interpretation of thermal bending in an

AFM, while Interferometry a direct and accurate measurement of cantilever vertical

deflection. Hence, as this body of work was focused on analysing both of these func-

tions, they were both chosen. However, Interferometry was first employed to provide

an initial contrast to theoretical models and raw vertical deflection quantification. This

was then followed by the respective interpretation in an AFM system undergoing the

same thermal bending. Specifically, a Bruker Contour GT-X 3D Optical Microscope

(white light Interferometer producing 3D images) and Digital Instruments Dimension

3100 AFM were employed. Pictures of these tools are shown in Fig. 3.6 & 3.7.

3.2.1.2 Temperature Measurement

Alongside the above tools for deflection quantification, the other key component was

the temperature measurement. As mentioned, SThM was chosen for this very pur-

pose: measuring the resistance change from its Pd tip inferring temperature change.

The resolution of this is sub-Kelvin, where a Wheatstone Bridge was employed to out-

put this degree of resolution. A simple circuit diagram depicting this can be seen in

Fig. 3.8. The left and right side resistances were then balanced through use of fixed
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TABLE 3.1: Cantilever Deflection Measurement Tools: Benefits & Drawbacks

Tool Benefits Drawbacks

AFM + Direct Interpretation of
Thermal Bend Induced
Measurements in an AFM

− Indirect Vertical Deflection
Measurements

+ High Resolution, Sensitive
Measurement

− Only Single Point
Measurements

+ Simple Set-up − Challenging Laser/Point
Measurement Location

− Calibration to EF Tip
Deflection

Interferometry + Direct Vertical Deflection
Measurement

− Susceptible to Some
Imaging Artefacts (Easily
Mitigated Though)

+ High Resolution, Sensitive
Measurement

−Material Optical Properties
Influences Deflection
Measurement

+ Multiple Point Deflection
Measurement

+ Simple Set-up

SEM + High Resolution −More Complex Set-up

−More Difficult Direct
Deflection Measurement

− Greater Experimental
Restrictions

− Limited to Vacuum
Conditions

− Time-Consuming
Measurement Process

resistors. As a result, the Vout would be highly sensitive to any temperature induced

resistance changes from the SThM Pd tip. Resistors RL1 and RL2 limited the maximum

current while RM was used to match the parallel combination of the SThM probe and

its parallel resistor, RP. Moreover, this signal was amplified through an in-house de-

signed low-noise amplifier that produced a gain of -101. This permitted conventional

laboratory oscilloscopes and multi-meters to measure the low voltage and hence low

resistance changes for high temperature resolution. This Wheatstone Bridge was then

powered by an isolated variable battery power supply. This provided a low-noise

power supply that enhanced measurement accuracy alongside protected the Pd tip

from current spikes. Hence, the Wheatstone Bridge enabled sound ability to measure
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FIGURE 3.6: Bruker Contour GT-X 3D Optical Microscope Utilised in
Project [139]

resistance at the SThM tip. However, the next step was to relate this to the temper-

ature change undergone. To do this, the temperature coefficient of resistance (TCR)

was required to be determined. This provides the calibration of the Pd resistor’s lin-

ear relationship to temperature in the typical ambient regime with it abiding to the

following equation (a relation that has been established in the scientific community

from 1910) [150]:

α =
R
R0
− 1

T − T0
(3.11)

From this, a reference resistance for a certain temperature needed to be established

alongside simultaneous measurement of the tip’s resistance and the surrounding tem-

perature. To perform this, an in-house set-up was produced. This involved a highly

conductive and low thermal resistance container that was well isolated from the ambi-

ent environment and was heated through a low noise Peltier Heater. The former per-

mitted a quick and uniform a temperature change as well as being thermodynamically
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FIGURE 3.7: Digital Instruments Dimension 3100 AFM Employed in Project

well isolated (i.e. approaching being isothermal) from ambient temperature changes

once the Peltier Heater’s imparted temperature change reached a steady-state. The

SThM probe was then placed inside this with fluorocarbon liquid (flutec pp3) to pro-

duce a heat bath. The latter ensured better temperature uniformity, greater thermal

capacity than air, low surface tension to minimise chances of cantilever damage and

a low thermal resistance between the SThM probe and a PT-100. The latter was addi-

tionally placed in as close a position as possible to the probe in the heat bath to provide

the most accurate temperature change to the cantilever. PT-100 devices are also well

understood, reliable and accurate resistance temperature detectors (RTD) that em-

ploy the same phenomenon as SThM for measuring temperature change. Therefore,
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FIGURE 3.8: Wheatstone Bridge Employed in SThM - Simplified Circuit Di-
agram

through resistance measurement and the PT-100 equation shown in Appendix B.1,

its temperature could be measured. A photograph of the experimental set-up can be

seen in Fig. 3.9. The method of utilising this set-up and determining the TCR involved

PT-100

SThM Probe
Insulation

Peltier Heater
Wires

Chamber
Lid

Main Chamber

FIGURE 3.9: Equipment Employed for Determining SThM Probe’s TCR

changing the Peltier heaters’ input voltages and obtaining periodic measurements of
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the SThM voltage and PT-100 resistances until a steady-state temperature was reached

and maintained for greater than five sets of measurements. Once achieved, the Peltier

heaters had their voltages changed and the same method replicated over multiple tem-

peratures for a range sensible to the experiments the SThM had undergone. Extraction

of the steady-state temperature measurements were then taken to determine the TCR

according to Equation 3.11.

As a result, the tools to measure deflection and temperature were possible and es-

tablished. However, the final piece was the application of these. Bespoke experimen-

tal set-ups needed to be constructed for the different aspects of thermal bending to

be explored. This will be elaborated upon in the respective Out-of-Contact (OC) and

In-Contact (IC) sections, as different methods were required due to their dissimilar

conditions and caveats of each scenario. With all this borne in mind, the mechanically

simpler OC situation was first explored.

3.2.2 Out-of-Contact

The OC situation for AFM cantilevers is relatable to the approach, retraction and non-

contact scanning phases of AFM operation. As a result, the probe’s cantilever does not

require immediate proximity to a surface for quantification in this scenario. Hence,

the cantilever can be orientated in any position as long as the deflection perpendicular

to its flat (i.e. vertical deflection during AFM operation) can be measured. Regard-

ing imparting temperature change, many options are viable but one that is inexpen-

sive, has no-moving parts (limiting vibration), reliable, highly controllable, flexible

and currently utilised in SThM calibration procedure was Peltier heating. Therefore,

this method of imparting temperature change to AFM cantilevers was an obvious one

to utilise. However, as it will be highlighted in the IC Section 3.2.3, this has a draw-

back of the Peltier surface displacing by a significant magnitude with temperature

change, but this only becomes a problem when direct mechanical contact is made be-

tween it and the cantilever. Regarding controlling the temperature, Peltier heater’s

have a relatively simple method of controlling heat flow: increasing the current re-

sults in increased heat flow and so temperature change. The operating principle is

based upon the Peltier effect, whereby an electrical current flows across a junction

constructed from two dissimilar conductors [151]. The difference in the conductors
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electrical conductivity results in a heating and cooling effect at the two respective

sides of the junction that both materials are connected to. The efficiency of this is

called the coefficient of performance and temperature range can be increased by im-

proving this. One method of achieving this is through connecting a heatsink to one

side of the heater. In this body of work, temperature increase of the SThM cantilever’s

was arbitrarily chosen, and hence a heatsink on the cold side would render increased

performance and temperature range increase.

With the method of heating established, the subsequent set-ups using it in the

desired experiments shall be elaborated. First, experimental quantification that was

translatable to the FDM & FEA models was required for validation of the models.

This was then followed by a more comprehensive AFM Interpretation Experiment

that aimed to link deflection of AFM cantilevers’ and what AFM system’s outputs

from the common thermal bend deflection detection system.

3.2.2.1 Direct Deflection Quantification

The first decision was on the method of deflection measurement. As the desire was

to provide a direct vertical deflection quantification alongside an experimental com-

parison to the FDM and FEA models, Interferometry was utilised through the Bruker

Contour GT-X 3D Optical Microscope in the JWNC. This produces 3D topographic

images of surfaces, where an example of this can be seen in Fig. 3.10 for a flat SThM

cantilever showing an example plane used for extracting the longitudinal deflection

profile. Within this figure, two common artefacts that are ubiquitous in Interferom-

etry are clear: the batwing effect [152] (i.e. sudden increase in the deflection near a

step change) and the vertical drop off at edges. The latter suggests a thicker feature

than in reality and although these are notable artefacts, they can be easily avoided by

using topographic measurements taken away from sudden step changes or edges. For

comparison of these cantilever deflection measurements to the respective model, they

need to be under the same mechanical and thermal conditions. The former is simple to

align by keeping the cantilever free-standing and away from a surface, while the latter

requires more thought. The simplest scenario is uniform temperature change of the

AFM cantilever, such as an ambient temperature change. Considering the low ther-

mal capacity of AFM cantilevers and whole probe body (approximately 2× 10−8 &
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FIGURE 3.10: 3D Topographic Image Produced by the Bruker Contour Inter-
ferometer

3× 10−3 J/K for SThM respectively) relative to the Peltier heaters’ used that can gen-

erate up-to 60 W over a 40 x 40 mm area this should not be challenging. For example,

assuming that half of the power (30 W) is outputted, based upon bulk material val-

ues of the Si, SiNx and Au utilised alongside assuming an even spread of this power

across the Peltier surface area with zero thermal resistance, the cantilevers and probe

body would change by 324 & 1.5× 105 K/s respectively. As a result, both will change

temperature quickly and by a significant magnitude that will cause little temperature

difference aerially. Moreover, due to AFM and SThM’s very thin nature (easily as-

sumed a sheet theoretically), there will be negligible variation vertically through its

thickness. Hence, with a low thermal resistance between the cantilever and Peltier

surface, a near uniform temperature will be generated that can be easily compared

to models. One further component added to this was a PT-100 used to measure the

temperature change of the Peltier surface. This reliable, accurate RTD was easy to in-

stall and measure to provide a sound temperature quantification alongside the SThM

output. Moreover, the PT-100 in the set-up allowed for future non-thermal AFM can-

tilevers to have their thermal bend profiles quantified. However, SThM cantilever’s

were first explored due to their unique capability for direct cantilever temperature
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measurement for the most accurate depiction of thermal bending in AFM cantilevers.

The subsequent set-up is visualised in Fig. 3.11. With all of this, a standard procedure

of greater than five different temperatures that were allowed to reach a steady-state

with simultaneous image acquisition was implemented.

Electronic Control

SThM Probe

Wheatstone

PT-100

Ohmmeter

Variable Vsupply

Heatsink

Peltier

Probe PowerCircuit Power

VBridge,out Bridge

SupplySupply

FIGURE 3.11: Direct Deflection Quantification Experimental Set-up

3.2.2.2 AFM Interpretation Experiments

Following the above, the next logical step was to connect cantilever vertical deflection

from models and the Interferometer to that interpreted by an AFM. As a result, a set-

up was required to align the thermal environment of the models to the Interferometer

and AFM set-ups. Again, for its ease of conformity, uniform temperature change from

a Peltier heater was chosen initially. For a sound appreciation of this, two different

experiments were prepared and executed. The first aimed to demonstrate the link

between the three separate methods, while the following one articulated the general

trends between them that would be expected after the proof of connection. Both of

these methods could be utilised for non-thermal AFM cantilevers once experimenta-

tion with SThM had validated the method by employing the PT-100 for temperature

measurement (however this would not be as accurate as the SThM’s measurements).
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1st Experiment: Each techniques’ exact implementation in this experiment is described

below, where they all aimed to produce the same heat transfer conditions for a uni-

form temperature change, similar temperature ranges, employment of the same AFM

cantilever and electronic equipment (applicable to SThM) and the heater:

• Models - Both FEA and FDM models were generated for uniform temperature

change of the AFM cantilever model. The InvOLS would then be determined

to enable comparison between Interferometry and AFM deflection outputs. The

exact deduction of the theoretical InvOLS is further elaborated in Chapter 5,

Section 5.1.1.2.

• Interferometry - Utilising the previously employed Bruker Contour GT-X 3D Op-

tical Microscope, whereby the cantilever had its deflection measured with the tip

facing towards and away from the Peltier surface. The latter provided the can-

tilever orientation utilised in AFM systems for it to be under as-similar a con-

ditions as possible. Additionally, it enabled verification that both orientations

are capturing the same deflection. Moreover, a spacer was utilised between the

probe holder flat and Peltier surface to keep the AFM probe and surface a con-

sistent distance apart for tip-down measurements.

• AFM - Measurement in the Digital Instruments Dimensions 3100 AFM was per-

formed with the probe mounted in the typical fashion (tip downward to the

Peltier surface) and the same spacer employed in the Interferometer to enable

consistent heat transfer conditions and enhance comparability. The laser was

then focused on the cantilever and an image of this location taken for determina-

tion of its longitudinal position. The photodetector’s vertical voltage was then

noted alongside the temperatures with the InvOLS determined to convert the

voltage to tip deflection. The InvOLS was measured using conventional Voltage-

distance curves as articulated in Literature Review’s Section 2.1.4 where at least

five curves were extracted for an average and uncertainty to be ascertained.

With the above conditions, a schematic showing the set-up for both the Interferome-

ter and AFM can be seen in Fig. 3.12 for the cantilever tip facing towards the heated

surface.
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FIGURE 3.12: AFM Interpretation Experiments - 1st Experiment: AFM &
Interferometer Set-up (left-to-right)

2nd Experiment: Building upon the previous experiment’s demonstration and vali-

dation of each technique’s link, it was required to explicitly display the general trend

between them for OC thermal bending. Again, SThM was employed initially due to

its ability to measure cantilever temperature change imparted by the Peltier heater. To

enable demonstration of the longitudinal deflection profile in the AFM system, mul-

tiple laser spots were taken along the length. At each location, multiple temperatures

(at least five) induced by the Pelteir heater were utilised and the photodetectors ver-

tical voltage measured. From this, the thermal bend induced deflection-temperature

gradients for each location was generated. Alongside this, multiple Voltage-distance

curves where taken to obtain the InvOLS along with an image of the optical view of

the cantilever when stationary and in-contact with a surface to measure the longitudi-

nal location of the laser. For the latter, the cantilever was brought IC with a surface as

the point of reflection is very similar between the surface and cantilever so a clearer

and more accurate image of the whole laser spot was possible. As a result, the longitu-

dinal position of the thermal bend gradient could be combined to produce a profile. A

visual of the overall experiment in the AFM can be seen in Fig. 3.13 with five separate

laser locations shown.

With the above quantification method, an ability to understand the nature of ther-

mal bending occurring in AFM cantilevers when OC was possible. This was in terms
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FIGURE 3.13: AFM Interpretation Experiments - 2nd Experiment: AFM Set-
up

of both the direct vertical deflection and how it was interpreted by the AFM’s thermal

bend system.

3.2.3 In-Contact

The above provided a template for sound OC thermal bending quantification, but not

all scans are OC with contact mode scanning a popular technique that involves bring-

ing the AFM cantilever tip into contact with the sample to infer its topography. When

IC, as elaborated in Literature Review’s Section 2.1.5, the tip interacts with many forces

of an attractive and repulsive nature. Moreover, once contact occurs, adhesion (attrac-

tive) forces additionally keep the tip strongly linked to the sample alongside repulsive

forces that resist it from indenting into the sample. As a result, the tip has a complex ar-

ray of forces keeping a strong mechanical link to the sample surface, providing sound

and consistent topographic measurement from the cantilever’s deflection. Therefore,

it is reasonable to assume that this different mechanical link at the tip will result in a

different mechanical boundary condition (BC). With this, the way that thermal bend-

ing manifests itself may be different and so it was desirable to quantify this common

scenario. In addition, this is the most common situation for SThM cantilever scanning

as it minimises thermal resistivity to the sample.
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With the above justification, a similar process of measurement utilising both an

Interferometer and AFM was executed to provide two separate, independent mea-

surements. With this approach, IC thermal bending provides a different challenge to

OC. This is because the cantilever tip is mechanically connected to a sample, meaning

any displacement of the sample or AFM instrument (e.g. through thermal expansion)

will produce cantilever deflection and a different EF resulting in a multi-loaded can-

tilever deflection profile. This is not ideal when the cantilever’s thermal bending is

the sole property being quantified. Hence, to determine this isolated profile, a heat

source that produced concentrated heating of the cantilever and negligible heating of

the sample and surrounding environment was required so that thermal expansion and

displacement of these would be minimal. As a result, the previously utilised Peltier

heater could not be employed due to significant vertical displacement occurring (+

0.3 µm/K was determiend through experimentation). However, two different heat

sources were able to provide isolated heating of the cantilever: SThM self-heating

and external heating from a microheater sample. The former involves increasing the

current flow through SThM’s Pd tip resistor and so from Joule heating, heat can be

generated that is transferred down the cantilever. Hence, it can produce a concen-

trated cantilever temperature change with low thermal energy that has very limited

spreading into the sample and surrounding structure. This permitted trivial IC ther-

mal bend quantification of SThM cantilevers using both an Interferometer and AFM

with very similar thermal conditions. However, while this would provide a sound and

accessible method for initial demonstration of IC thermal bending, it would not per-

mit experimental quantification due to external heating that other non-thermal AFM

cantilevers are subject to. Therefore, a microheater on a sample was utilised that was

thermally isolated. This would provide verification whether or not external heating

can produce the same thermal bend behaviour alongside the added capability to mea-

sure it in non-thermal AFM cantilevers. A diagram depicting such a microheater can

be seen in Fig. 3.14

No matter what heat source, both involved the cantilever’s temperature change

with the vertical deflection measured once a steady temperature was established. The

temperature was then brought back down to ambient and the experiment zero-ed
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FIGURE 3.14: Image of Microheater Fabricated by P. S. Dobson et al. [153],
Whereby Line Scans Were Performed Along the X-X Line

again for the required number of times (greater than five). This aimed to reduce sys-

tematic and spurious drift from offsetting and convoluting the results. In addition,

alongside the cantilever tip being brought IC and its temperature and deflection mea-

sured, this was performed OC to provide a clear contrast. With this common theme

of experimental approach for each heat source, each one is hence further elaborated

upon in greater detail.

3.2.3.1 Self-Heating Experiment

This experiment method required an ability to bring the SThM cantilever tip in and

out of contact with the sample, imaging this in both the Interferometer and AFM.

The latter was logistically trivial as AFM is designed to perform this task, but the

laser was required to be translated across the cantilever length to obtain the deflection

profile. This was performed by obtaining the InvOLS at each longitudinal laser posi-

tion (the location determined from the optical image of the cantilever when IC with

the surface) and the deflection and temperature measurements taken for OC and IC.

These produced thermal induced deflection gradients at each longitudinal position

and permitted a profile to be pieced together. This was similar to the set-up to previ-

ously employed in the 2nd AFM Interpretation Experiment. However, as touched on,

a zero-ing method (zero voltage and current application for heat generation) before

each temperature change was performed followed by applying the maximum safe
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current to generate self-heating. This not only rendered the benefits noted previously,

but additionally maximised the SNR in the experiment. This was especially impor-

tant due to self-heating’s low imparted thermal energy and so lower deflection. This

method had not been utilised in previous experiments due to the Peltier heaters pro-

ducing a large magnitude of thermal energy. However, for self-heating the thermal

energy magnitude is very low which had a benefit: very low heat-up and cool-down

times meant thermalisation within less than a second. Overall, a representation of the

subsequent AFM experiment can be seen in the top image in Fig. 3.15.

Regarding the Interferometry set-up, greater preparation and set-up was required

due to its lack of ability to control the AFM probe and cantilever’s exact vertical posi-

tioning. As a result, a set-up was required that allowed the SThM in a standard AFM

holder to be actuated in and out of contact while permitting access of the objective

lenses of the Interferometer to the cantilever. Hence, the probe was attached to a lin-

ear, vertical translation stage (analogue micrometer with 10 µm vernier scale) through

a short and stiff mechanical structure. The latter was especially important due to the

Interferometer’s lack of an isolation hood leaving it susceptible to mechanical drift

and vibration from the surrounding environment and strong laminar air flow. A dia-

gram depicting this and the AFM set-up can be seen in the bottom image in Fig. 3.15.

Replicating the zero-ing method articulated with a statistically significant number of

simultaneous temperature and image acquisitions allowed for the OC and IC thermal

bend profiles to be generated.

3.2.3.2 Microheater Experiment

With a sound method demonstrating the impact from bringing an AFM cantilever IC

with a sample from both the Interferometer and AFM, it was required to show this

from external heat sources and provide a method for non-thermal AFM cantilevers.

Hence, a thermally isolated microheater on a sample was chosen. An image of the

exact one chosen can be seen in Fig. 3.14. This had been previously fabricated by P.

S. Dobson et al. [153], consisting of a NiCr film resistive heater on a thin SiNx mem-

brane with a Si substrate. Hence, thermal isolation of the heater from the main Si

chip and its relatively low thermal energy result in negligible temperature change and

thermal expansion of the Si chip (verified through experimentation). Therefore, AFM
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FIGURE 3.15: Self-Heating Experiment: AFM & Interferometer Set-ups (top-
to-bottom)

cantilevers could then be brought IC with the Si sample without the substrate displac-

ing and changing the tip force and affecting the deflection results. With positioning of

the cantilever body over the heater, it would then change temperature without sam-

ple/surface expansion. Both the temperature change and deflection measurements
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were taken while IC and OC for multiple laser locations to produce the respective pro-

files (as described for the previous two AFM experiments). The microheater’s tem-

perature was altered by changing the input voltage and applying a similar method

described for self-heating of zero-ing prior to application of the maximum safe cur-

rent for a statistically significant number of data points. This was similarly possible

due to the microheater’s low thermal energy producing short heat-up and cool-down

times. This helped mitigate any systematic drift effects and maximise the SNR. With

SThM probes, the cantilever’s tip temperature could be measured, however, as the

microheater provided a small heat source, the tip may not provide the most accurate

temperature measurement of the rest of the cantilever. Therefore, the temperature re-

lation with the microheater power in the centre of the membrane was obtained and

averaged with the tip temperature change during the experiment to provide an aver-

age cantilever temperature change.

Alongside the above static experiment, line scans and full scans were performed.

These were used to demonstrate the translation of the static results on actual opera-

tion and scanning in an AFM along with that of non-thermal AFM cantilevers. More

specifically, they aimed to show how the AFM’s feedback system responds and the

magnitude of this on topographic images for all types of AFM cantilevers. The first

experiment was a line scan. This involved a simple 100 µm lateral scan without any

movement longitudinally, whereby the cantilever was brought over the microheater

and the tip making contact with the Si chip. The exact region is shown in Fig. 3.14

by the X-X line. Performing these scans with zero microheater current and then with

a current inducing sample temperature change (possible to be measured by an SThM

tip) permitted these to be subtracted from each other to show the impact of the IC

thermal bending. In addition, with a contrast between the colder and hotter region

across the line scan, it should demonstrate the difference in the scan itself (disregard-

ing other forms of drift) alongside the subtraction of the unheated and heated scans.

With this explicit impact of IC thermal bending on AFM’s feedback system, many

scans are actuated over a 2D area with movement laterally and longitudinally to pro-

duce a full topographic scan. This was also performed through a large 100 x 100 µm

scan with this executed across the same lateral line scan region as before, with the

tip moving down across the right-side of the microheater. This was achieved with
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zero microheater current and two different currents/powers to provide a clear con-

trast. However, the exact temperature over this full scan would not be quantified

due to the microheater and SThM tip resistor potentially electrically connecting over

the NiCr heater. Therefore, only point temperature measurements by an SThM probe

were linked to the images.

With all the above methods, a sound ability to understand and quantify thermal

bending in both the OC and IC for all types of AFM cantilevers was possible. These

where taken forward in theorising and fabricating new AFM cantilever designs, espe-

cially in ones that require metallisation of the cantilever, like in SThM.

3.3 Thermal Bend Attenuation

With a clear method for modelling and quantifying thermal bending, the final piece

of the puzzle was to do the same for a solution to minimise thermal bending. The

simplest method for attenuating thermal bending is removing the source of the prob-

lem and constructing the AFM cantilever from one material so there is no mismatch

of material CTEs. As a result, this solves the problem at the core and negates the phe-

nomenon itself for AFM cantilevers. However, as previously mentioned, this is not

always possible due to some probes requiring metallisation for functionality (such as

in SThM) or for a sound laser reflection and topographic output. In such conditions,

a solution is less straight forward and simple. Therefore, exploration of these design

constraints, utilising SThM as a case study, was performed. Moreover, SThM pro-

vided the benefit of accurate temperature measurement for a sound quantification of

thermal bend and hence permitted an excellent vehicle for study. Beyond the broad

general theme to reduce thermal bend, it was aimed to minimise this not only in the

absolute sense for the tip, but for the interpretation in an AFM system for both the

OC and IC scenarios. The techniques and design changes implemented were aimed

to align with the general theme throughout this body of work of simplicity. The ob-

jective of which was to minimise complexity, project time, process time, accelerate

concept proof and enable wider applicability. As a result, modelling resources (rela-

tively easy and less time consuming to experimental work) were utilised followed by
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the established quantification methods. However, beyond this general approach, the

method employed for fabrication of new SThM designs are required to be expanded.

3.3.1 Fabrication

Each of the three main processes within micro and nano-fabrication were used to fab-

ricated SThM probes and so their specific roles are elucidated here.

3.3.1.1 Lithography

Both Photolithography and EBL were employed to fabricate SThM cantilevers within

this project. The former enabled a single step to define the large array of patterns

onto the 3" Si wafers that the SThM cantilever were constructed on. Therefore, it pro-

vided an ability to define patterns at various stages for multiple SThM devices (224 per

wafer) in a batch fashion. Specifically, the definition of features that did not require

sub-micron resolution and/or alignment were defined in this manner. This included

the pattern for the pyramids (an angled surface to form a tip that protrudes away to

the main probe body); probe chip backside (i.e. its rectangular form) and bulk topside

SiNx. These were all exposed with the mask and wafer in contact due to its simplic-

ity and ability to enabled high resolution which proximity exposure would limit. As

this was performed on a 3" Si wafer, a Photolithography tool able to align and expose

masks appropriate to this was required. The SUSS Mask Aligner MA6 tool (Fig. 3.16)

in the JWNC was utilised to perform this.

However, for SThM, there are a number of high resolution and alignment sensi-

tive sub-micron features. This is well within EBL’s sub-10 nm range and so it was

employed to define them. Specifically this was used to define the SThM cantilever

outline and tip; Pd resistive wire at the cantilever tip and Au wire pad pattern lead-

ing up to the tip. As it can be realised, the common feature in all of this work is the

precise alignment and resolution for consistent and sound definition of patterns rel-

ative to the cantilever’s tip. Nominally SThM tip’s have a radius of curvature of 50

nm and so EBL provides a sound technique to generate and place patterns precisely

to this. Furthermore, this enabled masks to be formed in software rather than physi-

cally, providing greater flexibility and speed to implement different patterns. Hence,
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FIGURE 3.16: SUSS Mask Aligner MA6 in the JWNC [139]

it was a great method for exploring multiple and different SThM designs for ther-

mal bend attenuation. Regarding alignment, square etched markers were utilised that

were defined at the pyramid (probe tip) etch stage from Photolithography. These were

defined at the corner of each SThM device in a 2 x 4 array. These were used for both

global and local alignment, whereby the large number provided contingency if any

were damaged along with alternative markers for multiple EBL defined patterns for

each SThM probe to be performed. The latter is due to the markers being exposed

during the alignment procedure making them susceptible to subsequent steps. To ex-

ecute all of this, the Raith EBPG 5200 (100 kV E-beam) was employed in the JWNC

as shown in Fig. 3.17. One final aspect should be highlighted at this stage that is

highly unique to SThM fabrication that was not mentioned in the literature review

due to its novelty. This pertains to the resist coating of the PMMA resist used to define

the EBL patterns. Conventional procedure involves spinning the resist on for an uni-

form and controllable resist thickness. However, due to the highly topographic nature

of the pyramids that generate the SThM tips, a new technique was developed at the

University of Glasgow enabling resist coverage on the pyramid [154]. This involved

float coating the resist alongside spinning. The former included the wafer being sub-

merged in reverse osmosis water, resist dropped onto the water surface which evenly
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disperses and once the solvent in the resist has evaporated the water abstracted. This

then left a relatively uniform resist coverage over the pyramid and enabled pattern

definition through EBL of tip features.

FIGURE 3.17: Raith’s EBPG 5200 in the JWNC [139]

3.3.1.2 Etching

With the specific methods articulated for the pattern definition, the same was required

for the steps involving the removal of material. For SThM fabrication both wet and

dry etching were utilised. The former enabled relatively large volumes of material

to be removed and specific angled features to be generated that were based upon the

chemical selectivity of Si’s diamond cubic structure. This provided the pyramid’s to

be constructed to generate their 54.7◦ angled side for SThM cantilever’s tip alongside

the probe chips backside. This process employed a hydroxide-based reaction whereby

TMAH (25 %) or KOH (29 %) were employed. As highlighted in the Literature Review,

the hydroxide reacts with the Si to remove it in such a way that the {111} plane etches

DOCTORAL THESIS Christopher W. Mordue



3. Research Method 79

far more slowly than the others to manifest the 54.7◦ etch angle. An image can be seen

depicting one of the wet etch kit’s utilised to perform these in Fig. 3.18. Furthermore,

additional wet etches were employed such as Hydrofluoric Acid etches to remove

native Silicon Oxides, although these employed conventional procedures.

FIGURE 3.18: Wet Etch Kit in the JWNC [139]

In addition, dry etch RIE was also used during probe fabrication. This was em-

ployed due to its ability to control the etch very well and generate more anisotropic

etches. Specifically, it provided etching of SiOx, SiNx, Si and photoresist. The two

RIE etch examples shown in the Literature Review (Hexafluoroethane and Trifluo-

romethane based) were performed to etch all the Si-based materials. Moreover, O2

plasma was additionally utilised frequently throughout the probe fabrication process

to strip or de-scum carbon-based photoresist. Within the JWNC the Oxford Instru-

ments RIE 80+ tool (seen in Fig. 3.19) and Asher RF PlasmaFab Barrel was used to

perform all of these [139]. The exact recipes being based upon historically verified

recipes within the facility.
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FIGURE 3.19: Oxford Instruments RIE 80+ in the JWNC [139]

3.3.1.3 Deposition

Two main types of deposition techniques were employed for the fabrication of SThM

cantilevers: E-beam Evaporation and LPCVD. Regarding the former, two tools were

utilised in the JWNC: Plassys II and IV which are different generations of the MEB 550

S model [139]. With a 10 kW electron gun that is focused onto an ingot of metal, these

tools rapidly evaporate metal that rise and condense onto samples up-to 150 mm in

diameter, with a cryo-pump being used to achieve vacuum. As a result, the sample

is mounted directly above the ingot being evaporated and facing downward, with

the rate of deposition and the total thickness being controlled through a control loop

that monitors the resonance frequency of a quartz crystal (the more metal deposited,

the lower its frequency). An image of one of these Plassys tools in the JWNC can be

seen in Fig. 3.20. Using these tools Nickel Chromium (NiCr), Au, Pd and Al were

deposited at various stages of probe fabrication (full process seen in Appendix D). It

should be noted that there are two shutters in the system: one to permit the metal to
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evaporate into the chamber and another to enable coverage over the stage and sample.

This is useful in providing a "dummy" run of metals. In addition, these tools can ro-

tate the sample during deposition to enhance uniformity with Plassys IV additionally

providing stage tilting during deposition. Fig. 2.21 previously shown in the Litera-

ture Review for an e-beam evaporator provides a reasonable depiction of Plassys II

and IV. The only other material deposited on the probe was LPCVD SiNx that formed

the cantilever and tip structure. This was deposited commercially at the University of

Chalmers in its Centrotherm LPCVD horizontal furnace. The most significant aspect

of this process was its ability to deposit very low stress SiNx films that is required for

minimal bend in the SThM cantilevers once free-standing and limit delamination.

FIGURE 3.20: Plassys Tools in the JWNC [139]

With all the above mentioned, a method of investigation was possible for thermal

bending along with the ability to fabricate new SThM probes to explore solutions to

it. Modelling of thermal bending was first looked into prior to any experimentation

or fabrication to provide a sound theoretical baseline.
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4. Mechanical & Thermal Bend Mod-

elling of AFM Cantilevers

Applying the methods described in previous chapters, SThM cantilevers were pre-

dominantly employed in this body of work thanks to their direct cantilever temper-

ature measurement. Hence, their mechanical and thermal bend behaviour needed to

be comprehensively theoretically modelled. This aimed to provided a sound basis of

understanding to inform and contrast to experiments. Moreover, once validated, it

enabled a quick method to explore various SThM cantilever designs. Additionally,

this theory was translated to more common, non-thermal AFM cantilevers to provide

insight into them and contrast their behaviours to SThM.

4.1 SThM Cantilevers

SThM cantilevers were modelled when Out-of-Contact (OC) and In-Contact (IC) for

both their mechanical and thermal bend behaviour. OC is the simplest scenario and

was first explored before expanding to consider IC. However, before any modelling

was possible, the type of SThM probe employed needed identifying. This was the flat,

SThM cantilever previously shown in Fig. 2.16 that is commercially known as KNT-

SThM-1an [2] or VITA-XX-GLA-1 [155]. With all the stated strengths listed in Section

2.3.2, it was the best SThM probe for this project’s objective. These probes shall be

referred to as flat SThM probes henceforth due to an alternative SThM design (KNT-

SThM-2an) having a groove in the cross-section. This flat nature was chosen over

the grooved one due to their lack of cross-section variation that would have added

complexity to the mechanical behaviour, making them less comparable to most non-

thermal AFM cantilevers with flat cross-sections. As a result, the conclusions and
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understanding acquired will have a wider applicability to general AFM cantilevers.

With this stated, before modelling the flat SThM cantilevers, their material properties

needed to be defined. This was essential in providing a sound representation of each

material and so sensible theoretical quantification of the SThM cantilever’s subsequent

behaviour.

4.1.1 Material Properties

The nominal values for SThM probes’ material properties were not well known due to

their unique thicknesses, deposition conditions, tools employed and post-processing

techniques involved in their fabrication. Moreover, limited work has been performed

on accurately ascertaining this through experimentation in the past. Therefore, the

material properties needed to be comprehensively explored using the most relevant

literature.

4.1.1.1 Mechanical

The most significant mechanical properties can be seen from the governing FDM

Equations established in the Literature Review (Eq. 2.10 & 2.8): Young’s Modulus

and Poisson’s Ratio. The former is by far the most influential, while the latter is ap-

plicable when the Biaxial Modulus is desired to be determined. However, the latter

can very important as some literature directly measures/determines the Biaxial Mod-

ulus from their experimental method, hence requiring the Poisson’s ratio to calculate

the Young’s Modulus. Moreover, its influence may be more pronounced when em-

ploying FEA as this can model the cantilever in a full 3D model where it can ascertain

which structures it most affects. Therefore, both Young’s Modulus and Poisson’s Ratio

needed to be well defined.

Before each properties value was individually deduced, a general approach was

desired to aid consistency in identifying appropriate values. A combination of util-

ising the most relevant literature magnitudes with averaging was applied. The for-

mer aimed to provide values for materials that had as similar as possible deposition

conditions, post-processes and film thicknesses to those used in the SThM probes.

Furthermore, if applicable, the crystal orientation of the material and measurement

technique were attempted to be appreciated. This is due to some materials are notably

DOCTORAL THESIS Christopher W. Mordue



Chapter 4. Mechanical & Thermal Bend Modelling of AFM Cantilevers 84

anisotropic such as Au. Therefore, some literature clearly defines this and measures

properties in exclusive directions and needs to be appreciated to not warp the ex-

tracted value. For example, as Au is significantly anisotropic there are many pieces of

literature exploring this, but an evaporated Au film is typically poly-crystalline so a

predominant direction is not generated. Hence, property measurements in exclusive

directions will not appreciate this well. As this was the case for all the materials re-

viewed, it was borne in mind when analysing literature. Alongside choosing the most

relevant literature values, as mentioned averaging was performed. This was to miti-

gate the effects of any form of bias from selecting one paper if possible. With this said,

averaging across a range of papers results in a value that has not been determined

directly. However, as the materials in the SThM probes could not be determined due

to time and scope constraints within this project, a general magnitude of each respec-

tive property was only required. Thus, averaging provided this with mitigation of

spurious data from a single paper where possible. Overall, the above method should

ensure a reasonable representation of each material and its property for sound theo-

retical modelling of SThM cantilevers. This was applied to the first property of the

Poisson’s Ratio as shown in Table 4.1. From the list of references for each material, the

following set of values were generated with the associated explanation:

• υSiNx = 0.263

Average from the LPCVD SiNx references [156]–[158]. Property values for PECVD

SiNx were not included due to literature demonstrating different density to LPCVD

which potentially would translate into their mechanical properties.

• υAu = 0.445

As a result of the lack of literature on thermally evaporated thin Au films, values

from the non-textured sputtered films [162], [163] were utilised.

• υNiCr = 0.31

Due to general limited literature on thin NiCr films for SThM cantilever’s spe-

cific composition, the median for the range from CES EduPack Software [165]

was chosen. In addition, due to the NiCr’s film’s very thin nature in SThM (typ-

ically 5 nm), its mechanical influence is minimal meaning a value notably adrift

from reality will have very little effect on models.

DOCTORAL THESIS Christopher W. Mordue



Chapter 4. Mechanical & Thermal Bend Modelling of AFM Cantilevers 85

TABLE 4.1: SThM Materials - Poisson’s Ratio Literature Values

Material Reference Material
Thickness
(nm)

Details Poisson’s
Ratio

SiNx
[156] 100 & 500 LPCVD SiNx 2x2 mm

3.5x1.5 mm Membranes
0.27 & 0.24

[157] 104 LPCVD (at 835 ◦C) SiNx
Monolayer

0.22-0.29

[158] 290 LPCVD; Bulge Test 0.28 ± 0.05

[159] 305 & 680 Low Temperature PECVD
SiNx at 125 ◦C & 205 ◦C

0.23±0.02
&
0.25±0.01

[160] Unknown βSiNx 0.23-0.27

[161] Unknown Pressureless sintered 0.22-0.27

Au
[162] 500 ± 10 Sequenced Ion Beam

Sputtered; Non-Textured
Gold; Theoretical &
Experimental (Tensile
Testing)

0.420 &
0.45 ±
0.026

[162] 700 ± 10 Continuous Ion Beam
Sputtered; {1 1 1}
Fibre-Textured Gold;
Theoretical &
Experimental (Tensile
Testing)

0.529 &
0.566 ±
0.310

[163] 1000 Sputtered; Indenter and
Micro-Switch

0.44

[164] NA Theoretical Modelling; {1
1 1}, {1 1 0} & {1 0 0}

0.25, 0.49 &
0.57

NiCr [165] Bulk Nickel-Chromium
(90-70:10-30) Alloys

0.305 -
0.315

Pd [166] Bulk Handbook Value 0.39

• υPd = 0.39

There are few, if any references for thin Pd films. Therefore, a handbook, bulk

value was extracted. Moreover, as this material is only present at the tip of the

cantilever, its Poisson’s Ratio has a near negligible impact and does not require

in-depth investigation.

With the above established, the other and most influential property is the Young’s
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Modulus. Similar to Poisson’s Ratio, Table 4.2 was constructed from the relevant liter-

ature.

TABLE 4.2: SThM Materials - Young’s Modulus Literature Values

Material Reference Material
Thickness
(nm)

Details Young’s
Modulus
(GPa)

SiNx
[167] 80 LPCVD;

Nano-Indentation
212.3

[148] 389 LPCVD;
Nano-Indentation of
Cantilevers with SEM (5
kV & 20 kV)

178 & 273.5

[168] 200 & 500 LPCVD; Resonance
Frequency From Thermal
Noise (1st Mode); Ee f f
Determined to Account
for Size Effects

228 & 266

[168] 200 & 500 LPCVD; Resonance
Frequency From Thermal
Noise (2nd Mode); Ee f f
Determined to Account
for Size Effects

274 & 272

[169] 160, 162 &
165

LPCVD; Bulge Test 257.5, 266.1
& 241.8

[170] 236, 264,
387, 392,
409 & 423

LPCVD; Ultra-Fast Pump
Probe

217 ± 4,
271 ± 4,
273 ± 6,
259 ± 5,
255 ± 5 &
280 ± 5

[158] 290 LPCVD; Bulge Test &
Nanoindentation

222 ± 3 &
216 ± 10

[171] 520 LPCVD; Laser Based
Ultrasound Technique

260

Au
[172] 300, 500 &

1000
E-beam Evaporation;
Membrane Deflection
Experiment

53-55

[173] Cr-Au:
10-100,
30-300 &
50-500

E-beam Evaporation;
Nanoindentation Test

56, 64, 89

[174] 855 Sputtered (111);
Magnetostriction

75.9

[175] 1500-90 Sputtered;
Magnetostriction

81-131
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[176] 19-62 Metal Plasma Immersion
Ion Implantation and
Deposition;
Microcantilever Beam Test

69.1±2.6

[177] 1000 E-beam Evaporation;
Microbeam Testing &
Nanoindentation Test

57 & 74

[178] 500 Multi-user
Microelectromechanical
Systems Processes;
Microcantilever Beam Test

78

[179] 180, 310,
500, 680,
950 & 1000

Sputtered; Microtensile
Test

61.0, 49.5,
53.9, 51.2 &
57.5

[180] 200, 500 &
1000

Evaporated; Strip Bend
Test

Average:
32.4, 33.0 &
30.8

[180] 200, 500 &
1000

Evaporated;
Nanoindentation Test

68.0, 69.2 &
82.5

[181] Thin (Un-
known),
Bulk

Ion-beam Sputtered;
Tensile Test

91.8±6.0 &
89.7

[182] 200 Evaporated;
Nanoindentation Test
(+Substrate Correction)

75

[183] Cr-Au:
10-100,
30-300 &
50-500

E-beam Evaporated;
Nanoindentation Test

55.5, 64.1 &
88.8

NiCr [165] Bulk Nickel-Chromium
(90-70:10-30) Alloys

200 - 220

Pd
[166] Bulk Handbook Value 121

[184] 40 Evaporation (at 360 ◦C) 125

From the extensive list of references for each materials’ Young’s Modulus, the fol-

lowing set of values were determined with the accompanying reasoning:

• ESiNx = 241.62 GPa

When analysing the literature, the magnitude is highly variable; ranging from
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178-280 GPa. However, extracting the values from all the identified LPCVD SiNx

references, an average of 241.62 GPa was deduced [148], [158], [167]–[171].

• EAu = 64.39 GPa

A significant variation in literature values of 30.8-131 GPa can be seen due to the

multiple deposition techniques, measurement methods, thicknesses and struc-

tures. The impact of these factors on and/or by Au’s crystallographic orientation

is a prominent factor [172], [180] due to Au’s notable degree of anisotropy (zener

anisotopy factor = 2.87 [164]). As a result, very different Young’s Moduli could

be perceived with B. Merle [164] determining a variation of 59-82 GPa. In addi-

tion, as it can be seen, some papers demonstrate variation with thickness, while

others do not. Bearing all this in mind, the most appropriate value appears am-

biguous. Therefore, only values for thermally evaporated films without a spe-

cific crystallographic orientation analysed were used in the average determined

[172], [173], [177], [180], [182], [183].

• ENiCr = 210 GPa

With limited literature for thin NiCr films, the median bulk value from the only

reference acquired was employed [165].

• EPd = 121 GPa

Similar to Poisson’s Ratio, the handbook bulk value was acceptable and utilised.

Moreover, this is very similar to the Poisson’s Ratio value in S.U. Jen et al. [184]

for a 40 nm thick Pd of 125 GPa. Hence, the general handbook value was consis-

tent with the Poisson’s Ratio while appearing reasonably accurate.

With the above nominal values established, there may be a notable degree of un-

certainty. However, in the absence of a more thorough review and experimentation of

each material in SThM probes, it was accepted that reasonable variance for each mag-

nitude will exist. This was due to the crucial aim of the models being to capture the

general behaviour and relationships seen in real-world cantilevers. Hence, pinning

the above values down with very low uncertainty was not fully required and their

magnitudes should provide a good enough representation.
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4.1.1.2 Thermal

With the mechanical properties set-out, the appropriate thermal properties in relation

to thermal bending was required. As seen in Equation 3.3, the main property is the

linear CTE. Therefore, Table 4.3 was constructed and states the relevant literature for

each of the key materials in SThM probes.

TABLE 4.3: SThM Materials - Linear Coefficient of Thermal Expansion Lit-
erature Values

Material Reference Material
Thick-
ness (nm)

Details Linear Coefficient
of Thermal
Expansion (ppm
K−1)

SiNx
[185] 230 LPCVD; Stoichiometric

SiNx at Room Temp.
2.15

[185] Bulk LPCVD; α-SiNx at
Room Temp. along a &
c axis

1.26 & 2.61

[186] 478 LPCVD; Brillouin Light
Scattering + Finite
Element

3.0

[187] Thin Film PECVD; Fast Fourier
Transform Method

3.27

[188] Bulk Hot Isostatically
Pressed SiNx; 10%
Theoretically Dense

2.9

Au
[189] 870 Evaporation; Bending

Beam Experiment;
Multiple Anneals (1;2;3)

13.9; 14.6; 14.8

[190] 10 & 100 Evaporation;
Thermo-Resistive and
Piezo-Resistive Based
Method; 10 nm with
variable deposition
rates (0.015-0.21 nm/s)

67.3-87.1 & 17.3 ±
0.3

[191] 115, 224,
543 &
1200

Sputtered; Thermal
Bulge Method

9.6 ± 1.4, 10.6 ± 1.2,
12.9 ± 0.3 & 13.6 ±
0.2

[192] 880 Evaporation; Joule
Heating Experiment

22.6 ± 0.3

[193] 785 Sputtered; Wafer
Curvature Technique

14.66
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NiCr [165] Bulk Nickel-Chromium
(90-70:10-30) Alloys

12 - 14

Pd [166] Bulk Handbook Value 11.2

The same methodology applied for the mechanical properties was used and hence

the following values determined:

• αSiNx = 2.575 ppm K−1

This average was deduced from the LPCVD, thin film, non-textured SiNx refer-

ences [185], [186]. As for the mechanical properties, only LPCVD was used to

avoid the potential for other techniques, that may have notable variation due to

their nature and the resultant film density, having a pronounced influence on the

CTE.

• αAu = 15.6 ppm K−1

Thermally evaporated, thin film, non-post processed Au literature [189], [190],

[192] were extracted and averaged. Notable variation was observed (likely due

to varying crystal orientation) across literature and so a reasonable uncertainty

should be noted.

• αNiCr = 13 ppm K−1

Due to a limited number of references and its actual low level of significance in

the models, the handbook bulk value was utilised.

• αPd = 11.2 ppm K−1

The bulk handbook value was extracted to stay consistent with the mechanical

properties in tandem with more investigatino not being required due to Pd’s low

impact on the models output relative to the SiNx and Au materials.

With the above stated, as mentioned regarding the mechanical properties, there is

reasonable variation in the literature values. As a result, notable uncertainty in the

determined nominal values above should be borne in mind for model application of

thermal bending.
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4.1.2 Construction

With the material properties explored, the main cantilever utilised in this work needed

to be dimensionally defined for a clear definition in models. Therefore, a 3D Computer

Aided Design drawing was produced. An engineering drawing of this can be seen in

Fig. 4.1, where it was constructed from the four main materials already explored that

are hence listed with their nominal thickness alongside reasoning to why they are used

in the cantilever’s construction:

• SiNx (t = 400 nm) - This provides the majority of the cantilever’s mechanical

stiffness due to its relatively large thickness and Young’s Modulus. In addition,

with its low thermal conductivity, it conducts and abstract very little heat from

the Pd resistor at the tip or the sample permitting more accurate temperature

measurement.

• Au (t = 145 nm) - Provides a low electrical resistance connection to the Pd resistor

and a reflective surface for force measurement in the Optical Lever system.

• NiCr (t = 5 nm) - Acts as the adhesion layer for the Au and Pd onto the SiNx.

• Pd (t = 40 nm) - Forms the RTD at the probe tip and is used for its good linear

response of electrical resistance to temperature change.

With these nominal geometry values, a degree of uncertainty in their absolute mag-

nitude is present to real-world SThM cantilevers. Focusing on SiNx which provides

the majority of its stiffness, its aerial geometry is less prone to variation. This is due

to its definition from a combination of EBL and Photolithography that employs a con-

sistent mask, alignment and exposure conditions that has been demonstrated in the

academic group to produce a consistent definition to the designed nominal values.

However, the thickness of SiNx deposited through LPCVD at Chalmers University of

Technology is known to have a greater degree of uncertainty. For example, one wafer

exhibited a range of 35.4 nm in SiNx thickness. This is significant enough to show an

appreciable difference in cantilever stiffness/spring constant alongside thermal bend-

ing induced deflection (as seen in the second moment of area Equation 3.5). A mag-

nitude to this effect can be ascertained from a sensitivity analysis of the FDM model
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FIGURE 4.1: Engineering Drawing of Flat SThM Cantilever Design

that will be performed later in Section 4.1.3.3. Regarding the other materials, these are

defined utilising EBL and deposited by thermal evaporation. As a result, they simi-

larly have consistent definition of their aerial geometries with thickness likely having

notable uncertainty. However, from the author and the academic group that have de-

veloped and researched these SThM probes, the experience is that this varies far less

than the SiNx and is of less concern. Therefore, the SiNx thickness is likely the source

of greatest uncertainty of all the dimensions defined. With this established and all the

required material properties for SThM cantilevers, they can be entered into the models

for sound theoretical quantification. The first port of call was the OC condition as this

was the simplest scenario to explore initially.

4.1.3 Out-of-Contact

Before going straight into the modelling results, the BCs for SThM should be explicitly

established. This was required for both the mechanical and Thermal BCs, whereby

these should additionally be applicable to non-thermal AFM cantilevers.
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4.1.3.1 Boundary Conditions

Mechanical

Mechanically, SThM and AFM cantilevers have a fixed or encastré BC at their base

be their definition as cantilevers. This can be simply understood from a free-body-

diagram (FBD) as shown in Figure 4.2 where the addition of an EF and Temperature

change can be seen. As a result, the base does not displace or rotate while the rest of

AFM Cantilever

F

∆T

FIGURE 4.2: FBD of an AFM Cantilever OC

the cantilever can. However, this assumes no displacement or rotation in the probe

chip, holder and AFM head. This may not be the case as previous research has shown

the whole AFM system can contribute to Thermal Drift [37]. Although, this project

was aimed at investigating the contribution of AFM cantilevers to the phenomenon of

Thermal Drift. Therefore, this BC was still considered appropriate. In addition, it is

worth noting that this BC is idealised in this way due to the cantilevers low stiffness

relative to the other components in the AFM and sample. This coupled with its low

thermal inertia make it highly desirable to fully understand and minimise its sensi-

tivity to thermal induced artefacts. To this effect, the next BC needed to be defined

related to its thermal/heat transfer.
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Thermal

For SThM and most AFM cantilevers, there is a strong thermal connection to the probe

chip through solid conduction [141], [194]. In parallel to this, the cantilever also expe-

riences convection loss to the ambient fluid (unless scanning under vacuum). More-

over, if the cantilever is OC and near a surface, fluid conduction may occur with the

nearby surface adding to the heat loss to the immediate environment. These paths are

demonstrated visually in Fig. 4.3.

Surface

Solid Conduction

Chip
Ambient Fluid Convection

Ambient Fluid Conduction
With Surface

FIGURE 4.3: SThM Cantilever OC Heat Transfer Diagram

The above heat transfer paths in cantilevers are can be modelled using thermal-

resistance models. Therefore, for designing OC experiments, if the nearby chip, sam-

ple surface and immediate ambient fluid are at an equal temperature to the cantilever,

it could be regarded as a steady and uniform temperature across the whole cantilever.

Regarding the scale of a SThM probe chip (3.45 x 1.5 x 0.38 mm) and the immediate

environment to the cantilever, a relatively small heat source should be able to repli-

cate uniform temperature change. This uniform temperature change is the simplest

and easiest one to reproduce in theoretical models and so with the relatively trivial

ability to heat most of the chip and immediate cantilever fluid, it is possible to repli-

cate in experiments. Therefore, it was employed in the project for quantifying OC

thermal bending. However, before its use in modelling thermal bending, the mechan-

ical EF was first explored due to it defining the InvOLS which AFMs’ use to interpret
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induced rotation and deflection such as from temperature change.

4.1.3.2 Mechanical Modelling

The static mechanical behaviour for all AFM cantilevers is induced from an EF im-

parted due to the mechanical interaction with a surface. For this, the stiffness or nor-

mal spring constant dictates how much the tip deflects for a given force. Moreover,

how the deflection manifests itself along the cantilever length and so how it bends is

key. This is due to the optical lever essentially measuring rotation at the laser spot’s

location and applying the InvOLS that relates this to the cantilever’s tip deflection.

Therefore, this EF induced behaviour completely influences the interpretation of all

vertical deflection readings. As a result, any temperature induced rotation and de-

flection will be outputted according to this and hence needed to be fully understood

to deduce thermal bend’s impact on AFM measurements. This was initially explored

using flat SThM cantilevers due to their closer relation to other non-thermal AFM can-

tilevers. However, grooved SThM cantilevers were explored later in the project due to

the theory behind their function relying on their cross-sectional and mechanical form

which has been shown to not fully operate as theorised.

Flat Cantilevers

With a sound idea of the general make-up of SThM cantilevers, they could be mod-

elled in the FDM and FEA programmes. Regarding the former, a simple analysis of

the basic governing mechanical equation for vertical deflection of cantilevers from an

EF (Equation 2.10) needed to be performed. It should be stated that this behaviour,

although dependent on contact, was explored in this OC section. This was due to con-

tact generating the EF itself which, from a FBD perspective, has no restriction in the

tips degrees of freedom (as seen in Fig. 4.2). Therefore, it is best regarded as OC for

this scenario. With this assumption explicit, the main contributing factors are listed

below with their relationship to vertical deflection:

Force - Directly Proportional: δ = mF

Young’s Modulus - Inversely Proportional: δ = E−x

Cantilever Length - 3rd Order Polynomial Increase: δ = aL3 + bL2 + cL + d
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Width - Inversely Proportional: δ = w−x

Thickness - 3rd Order Polynomial Decrease: δ = at3 + bt2 + ct + d

From the above, it can be seen that cantilever length and thickness have the great-

est impact on deflection and so similarly its stiffness/spring constant. This applies to

all AFM cantilevers alongside SThM ones. As previously mentioned, the cantilever’s

aerial dimensions are consistently defined through EBL and Photolithography mean-

ing its length is very controllable with a relatively low magnitude of uncertainty.

Therefore, it is the most effective property to control the cantilever spring constant and

mechanical behaviour. However, of a similar significance, the cantilever thickness is

harder to control due to the nature of the LPCVD SiNx deposition rendering apprecia-

ble thickness variation (e.g. 35.4 nm) as highlighted earlier. Hence, only nominal val-

ues can be targeted, but with a relatively high magnitude of uncertainty. In addition,

there has been frequent observations of wide ranging spring constants for individual

designs of commercially manufactured SThM cantilevers. This known variation in

thickness and its cubic polynomial relation strongly suggests it is a likely contributing

factor. Furthermore, the Young’s Modulus is not well characterised for the LPCVD

SiNx in SThM probes which additionally could be a significant influence on cantilever

stiffness. With this established, the influences of these properties on rotation is also

important due to its direct measurement by the AFM’s optical lever system. This is

seen in Equation 2.10, whereby only length’s relation changes with its impact reduced

to a squared relation, e.g. half length = quarter deflection. Therefore, it should change

less with length than the corresponding vertical deflection.

With this basic appreciation, the next step was to employ the equations derived

for EFs in the FDM model of the SThM cantilever’s heterogeneous and non-prismatic

construction to provide a more exact understanding. The relationships employed are

shown in Equation 3.7 with the more elaborate derived second moment of area pre-

viously determined in Equation 3.5 (with the inclusion of each material’s respective

width in each term). Utilisation of these alongside the bending moment expressions

shown in Equation 2.11 in each element’s calculation, enabled the structure to be fully

modelled. This provides the exact coefficients to their respective relations. Applying
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these with the BCs, geometry (based upon the L-Edit image seen in Fig. 3.3) and me-

chanical materials properties, the vertical deflection for a 100 nN EF and the respective

spring constant was produced by the FDM Model. This used no adjustment through

the Biaxial Modulus and so assumed the SThM cantilever as a beam. The subsequent

values and profiles for the vertical deflection and rotation due to an EF can be seen in

in Fig. 4.4 and 4.5.

FDM - SThM Mechanical Results

Vertical Deflection of Tip (EF 100 nN) = 0.589 µm

Spring Constant = 0.170 N/m
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FIGURE 4.4: FDM - Flat SThM 100 nN End-Force Displacement Profile

Analysing these results, sensible tip deflection and spring constant values of 0.589

µm and 0.170 N/m were produced respectively. Regarding the latter, distributors

quote a range of stiffness of 0.25 [195], 0.3 [196] and 0.5 N/m [197]. This is a significant

range with the model’s value being lower than this range would suggest. However,

as demonstrated by L. Avilovas [148], the thermal tune method typically utilised for

spring constant determination can be highly inaccurate for SThM cantilever’s due to

their unique construction and non-uniform internal stresses. Moreover, there can be

significant variation in any of the spring constant measurements with the theoretically
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FIGURE 4.5: FDM - Flat SThM 100 nN End-Force Rotation Profile

more accurate spring-on-spring methods generating a range of 0.173 to 0.389 N/m for

a particular set of SThM cantilevers [148]. As a result, a significant error should be

attributed to any value. For example, a flat SThM cantilever demonstrated a spring

constant of 0.22 N/m according to work performed by L. Avilovas with his more ac-

curate quantification technique. Bearing in mind the known variation and this value

being lower than stated by distributors, the spring constant outputted by the FDM

Model is perhaps on the lower side, but still reasonable.

Moving towards the profile graphs, a sound deflection profile was produced in Fig.

4.4 with it increasing towards the tip with a near cubic polynomial order. However,

this is not completely cubic due to the unique Au pattern and taper from 90 µm along

the SThM cantilever generating a reduction in the gradient towards the tip. Therefore,

as the rate of rotation change is reduced, there is a similarly reduced rate of increase

in vertical deflection with it becoming more linear in profile. In addition, the rotation

graph shown in Fig. 4.5 theoretically mirrors the vertical voltage change measured

by the AFM photodetector. Thus, this general profile should be generated if the laser

spot was translated longitudinally for the same applied tip force. With this said, the

above values and profiles employed each materials Young’s Modulus as opposed to

their Biaxial Modulus. Applying the latter, vertical deflection and spring constant

values of 0.407 µm and 0.246 N/m respectively were outputted. To indicate whether
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this is more accurate and validate the FDM Model, FEA was employed. Although, a

direct comparison to the above structure modelled was not ideal due to difficulty with

partitioning to create a sensible mesh when including the 5 nm thick NiCr layer in the

FEA models. As a result, it was not included with just a 150 nm thick Au coating. Due

to FDM’s flexibility, it was trivial to match this and compare completely like-for-like.

The results from both the FEA & FDM models (with and without the Biaxial Modulus)

are contrasted for the flat SThM cantilevers with no NiCr in Table 4.4.

TABLE 4.4: Flat SThM Model Comparison for an End-Force

Model Modulus Vertical Deflection of
Tip (µm/100 nN)

Spring Constant
(N/m)

FDM

Young’s
Modulus

0.593 0.169

Biaxial
Modulus

0.410 0.244

FEA NA 0.572 0.175

Percentage
Difference

Young’s
Modulus

-3.72 % +3.58 %

Biaxial
Modulus

+28.4 % -39.6 %

It can be seen from Table 4.4 that the Biaxial Modulus produced a pronounced

reduction in deflection and increase in the spring constant in the FDM Model. The

magnitude of this change is far greater than that outputted by the FEA model with it

far more aligning with the Young’ Modulus for EFs. This subsequently suggests that

the mechanical behaviour seen in SThM cantilevers is closer to a conventional beam

or strip as opposed to a plate. One explanation for this is the cantilever’s tapered tip.

As the EF is applied at the tip (positioned along the cantilever centreline), it causes the

force to spread evenly across the width as it translates along the tapered sectioned. As

a result, this even distribution of force results in less synclastic deflection behaviour

and so very equal deflections and behaviour across the width. This can actually be

seen in the FEA output for vertical deflection in Fig. 4.6.

In addition to this conventional beam behaviour, the impact of the NiCr is minimal

when comparing the FDM models with (0.589 µm) and without (0.593 µm) it. This is
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FIGURE 4.6: FEA - Vertical Deflection of a SThM Cantilever with 100 nN
Tip Force Applied Vertically

logical due to its very thin nature and Au substituting it. Hence, other factors such

as SiNx’s thickness that has been demonstrated to vary by 35.4 nm on a 3" wafer, will

likely cause a greater variation than the substitution of NiCr in models. Alongside

this, other notable factors such as the SiNx’s Young’s Modulus could easily have a

greater impact. To quantify these, a Sensitivity Analysis was performed in the FDM

model thanks to its flexibility and ease of modification. Moreover, Au’s thickness and

Young’s Modulus was also explored to mirror the SiNx analysis as it is the second

most mechanically significant material. These can be seen in Fig. 4.7 and 4.8 whereby

realistic variation for each property has been applied.

Taking a first look at the impact of Young’s Modulus for both SiNx and Au, a fairly

linear relation can be seen with an increase for both resulting in a greater spring con-

stant (in agreement with the basic analysis conclusions). Hence a gradient between

0.5-0.6 mN/m/GPa was determined for both materials which is significant consider-

ing the low spring constant of SThM cantilevers. Analysing the influence of thick-

ness in both, a polynomial relation was produced with SiNx showing a greater rate

of change than Au. This is due to SiNx’s greater nominal Young’s Modulus and so

changes to its mass has a greater influence. Hence for the previously quoted 35.4 nm

of SiNx thickness variation, the FDM model would suggest around 0.04 N/m (24 %

change relative to the base 0.170 N/m spring constant) potential variation in SThM

cantilever stiffness. This is significant and provides quantified evidence to its poten-

tial contribution to the observed spring constant variation.
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FIGURE 4.7: FDM - Sensitivity Analysis of SiNx Young’s Modulus (180-280
GPa) and Thickness (375-425 nm) vs Spring Constant
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FIGURE 4.8: FDM - Sensitivity Analysis of Au Young’s Modulus (30-90
GPa) and Thickness (130-170 nm) vs Spring Constant

With sound modelling of flat SThM cantilevers and both models demonstrating

reasonable alignment, the next step was to theoretically determine how this translated

within an actual AFM. Firstly, the theoretical InvOLS was deduced. This is the tip

deflection divided by the rotation at each position along the cantilever length. This

is due to the vertical voltage change on the AFM’s photodetector being equivalent to
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rotation at the laser spot’s position along the cantilever. The subsequent relation is

shown in Fig. 4.9, whereby a log10 scale has been employed for the x and y axes for

clarity due to the decaying relation of InvOLS with length.

FIGURE 4.9: FDM - Flat SThM Theoretical InvOLS vs Longitudinal Position

This graph effectively demonstrates the inverse of the rotation shown in Fig. 4.5,

but multiplied by the constant coefficient of the tip deflection. Therefore, applying the

above in whatever longitudinal position will produce the same tip deflection from an

EF applied to the cantilever. Analysing the form of this relation, what is very clear

is how rapidly the inverse sensitivity degrades near the base with it theoretically ap-

proaching infinity. This concurs with the understanding in the AFM community that

you should position the laser spot nearest the end/tip of the cantilever as this is the

region of greatest sensitivity (i.e. experiences the most rotation for the given tip de-

flection). If we look at a realistic position of 60-130 µm for the laser spot’s longitudinal

position, a relative change of around 37.7 % occurs in the InvOLS. Therefore, through

simple inversion of the InvOLS to obtain the sensitivity, a change of 60.5 % will occur

across this length. As the SNR is always of importance for AFM, this case empha-

sises how much the laser spot’s longitudinal position can alter this. Furthermore, due

to SThM cantilevers taper and so greater reduction in rotation, it would be expected
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the relative change in sensitivity for other, prismatic cantilevers to be even more pro-

nounced. With these key mechanical aspects explored for flat SThM cantilevers, mod-

elling and analysis was required for the more complex grooved cantilevers that had

not achieved their theoretical complete attenuation of thermal bending in fabricated

cantilevers.

Grooved Cantilevers

Grooved SThM cantilevers are flat SThM cantilevers, but with a central groove/ingress

along the majority of their length resulting in a variable height of the SiNx cross-

section. The previously shown image in Fig. 2.15 from literature demonstrates this

alongside an aerial SEM image in Fig. 4.10. In the latter, the groove can be seen from

its outline located along the centre of the cantilever. From the original paper by Y.

50 μm

FIGURE 4.10: Aerial SEM Image of a Grooved SThM Cantilever

Zhang et al. [114] that introduced grooved SThM cantilevers, temperature induced

deflection still occurred with a maximum and minimum reduction of 79.5 % and 45.5

% respectively. This was initially attributed to the Au not being completely deposited
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within the groove. However, once corrected, thermal bend induced deflection still

occurred. The concept behind the design was to mimic the conditions of a sandwich

structure; equal mass of SiNx above and below the Au. This would produce a NA

location half-way through the Au’s thickness and result in equal and opposite magni-

tudes of stress and strain for any thermal bending on the structure, like in a sandwich

cross-section. It should be noted that an actual sandwich structure was not attempted

due to the inability to deposit SiNx on top of Au. This was because of SiNx’s high

deposition temperature for LPCVD and Au’s low melting point. Therefore, for this

grooved cross-section, it metaphorically hinges on the mechanical characteristics of

the groove mimicking a sandwich one. As a result, this was re-examined to determine

whether or not it was erroneous in application or the concept itself is flawed.

FIGURE 4.11: Grooved SThM Cross-Section Diagram [114]

In the paper [114], a SThM cantilever with a groove length, width and depth of

120x60x0.5 µm respectively for a 350 nm thick SiNx was fabricated. This subsequently

had its thermal bending characterised experimentally for verification of the concept.

The fabricated cantilever aligns with the equation stated of h−t
2 in Fig. 4.11 as this

will generate a NA location 75 nm above the top surface inside the groove half-way

through the Au. Before verifying if this is the case, it should be noted that it is incor-

rectly stated within the paper that when t = h (i.e. thickness of the SiNx is equal to the

groove depth) there should be zero bending moment from temperature change. This

contradicts the h−t
2 equation and what cantilever was derived. The latter is correct

with the groove depth requiring to be equal to the SiNx thickness plus the Au thick-

ness (tSiNx + tAu = h) when there is equal widths of SiNx above and below the Au.

With this clear, the structure fabricated based on the concept was verified through the

application of NA Equation 2.12 to the idealised structured shown in Fig. 4.11. This
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produced the following simplified expression:

xNA =

wst2
s

2 + hts(
2ws
crat

+ h) + nwctc(ts +
tc
2 )

wsts + 2hts + nwctc
(4.1)

where crat =
2ws
ww

and h are the total-to-wing width ratio and groove depth respectively.

The nominal values from the paper were inputted (l = ws = 120µm; t = ts = 350nm,;

wc = 54µm; tc = 150nm; h = 500nm) and the NA location from the underside of the

substrate in the groove calculated. This produced a value of 423.6 nm, 1.4 nm below

the desired location half-way through the Au thickness (425 nm). The reason for this

was due the groove and wing sections not actually being equal in width. From visual

inspection of Fig. 4.11, the total width of the bottom section of the SiNx is the groove

width plus the width of the groove side-walls. Hence, there is greater SiNx below the

Au, resulting in a NA location below the ideal location. A more explicit visual of this

can be seen in Fig. 4.12 for a proportional cross-section. As a result, a groove depth of

1
4 ws

1
4 ws

1
2 ws + 2ts

NA NA

h = ts + tc
tc

ts

FIGURE 4.12: Grooved SThM Cross-Section Diagram With Proportional Key
Dimensions For Ideal NA Position

503 nm would produce a NA location half-way through the Au thickness. This should

theoretically render the structure to completely attenuate thermal bending. Moreover,

Equation 4.1, can be rearranged to form equations so that other factors can be changed

to produce the desired NA location. For example, inputting the desired NA location

and a known groove depth and width to determine the required overall cantilever

width. These permit the widths to be changed to shift the position of the NA. All of

these equations are shown in Appendix A alongside the respective second moment of

area equation for this grooved cross-section. The latter was possible using the Paral-

lel Axis Theorem and Transformed Section Method which enabled comparison of the

grooved cross-section with that of a flat cantilever. As a result, the second moment of

area was calculated for key cross-sections and shown below. These included the cross-

sections in Y. Zhang et al.’s paper [114] of a flat cantilever with 350 nm thick SiNx and
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a grooved one with a depth of 500 nm. Furthermore, the standard SiNx thickness of

400 nm for a flat SThM cantilever was determined with the newly proposed groove

depth of 503 nm. Hence, the following second moment of areas are shown below:

I f lat, 400nmSiNx = 8.003x10−25 m4

I f lat, 350nmSiNx = 5.611x10−25 m4

I500nmgroove, 350nmSiNx = 3.076x10−24 m4

I503nmgroove, 350nmSiNx = 3.107x10−24 m4

From the above, it can be seen that a flat cantilever using 400 nm of SiNx experienced

an increase of 284.4 % to a 500 nm groove depth with a SiNx thickness fo 350 nm. How-

ever, using the same SiNx thickness of 350 nm for the flat cross-section, an increase of

448.2 % was calculated. As the second moment of area is directly proportional to stiff-

ness/spring constant, a reduction of 74.0 % and 81.8 % in deflection would be seen

relative to the flat SThM cantilevers with 400 nm and 350 nm SiNx thicknesses respec-

tively. Interestingly, the 74.0 % is within the 79.5-45.5 % reduction in deflection noted

by Y. Zhang et al. [114] when comparing the grooved cantilever to the 400 nm SiNx flat

SThM one. Therefore, this indicates that potentially the simple increase in the second

moment of area and so stiffness of the cantilever could be providing the majority of

the reduction observed in the paper. However, this relation is only true up to the Au

width increasing 80 µm along the cantilever where some of the Au is patterned outside

the groove (shown in Fig. 4.11) causing a different cross-section. As a result, this may

generate lower than expected reduction in the fabricated cantilevers. This could then

explain the lower portion of the range in the reduction of thermal bend induced de-

flection. With this said, the spring constant determined in the paper for the grooved

and flat cantilever only showed a 14.3 % increase using a spring-on-spring method

[198] which translates to a 12.5 % expected reduction in thermal bending from simple

stiffening. Therefore, the full explanation for the results is not completely clear, but

does shed a light on the grooved stiffening effect being a significant factor.

However, all of the above assumed an ideal perpendicular and vertically edged

grove with only a single coating as seen in the both Fig. 4.11 & 4.12. This is not the

case as, during fabrication, Si is etched using RIE employing a two part Oxygen and
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Carbon Tetrafluoride recipe with deliberate resist reflow that produces an angled side-

wall for the cross-section. The angle of which is dependent on the flow-rate, RF Power

and Pressure [139], but for SThM cantilevers these are controlled to generate a side-

wall angle (θsw) of 50 ◦. This is designed to permit a continuous Au deposition over

the side-wall. A visual of this cross-section with a side-wall can be seen in Fig. 4.13.

As a result, a re-derivation of the previous xNA equation was required:

xNA =

wst2
s

2 − h2tstanθsw + 2wstsh
crat

+ nc1wc1tc1(ts +
tc1
2 ) + nc2wc2tc2(ts + tc1 +

tc2
2 )

wsts + nc1wc1tc1 + nc2wc2tc2
(4.2)

where θsw denotes the angle of the side-walls with the additional equations related

to this seen in Appendix A. Using an angled side-wall of 50 ◦ and the dimensions in

[114], a NA location was calculated. This produced a NA location of 423 nm which is

a slight shift downward from the ideal position resulting in a greater required groove

depth for an ideal cross-section (around 505.1 nm). Moreover, within Equation 4.2

there is the capability to include the NiCr undercoating and determine whether this

additionally has a significant influence over the NA location. Utilising the nominal

thickness’s of 5 nm and 145 nm for NiCr and Au respectively, the same angled side-

wall cross-section produced a NA location of 422 nm which is again lower. Therefore,

this suggests an even greater groove depth being required which may explain why the

previously fabricated grooved cantilevers were so deficient in reducing thermal bend

induced deflection.

1
4 ws

1
4 ws

1
2 ws

NA NA

h = ts + tc
tc

ts

θsw

FIGURE 4.13: Grooved SThM Cross-Section Diagram with Angled Side-Wall

Overall, a good theoretical appreciation of the influences to the NA location in

grooved cross-sections was obtained. This varied from the simplified straight side-

walled with a single coating, to the more accurate and complex angled wide-wall with

multi-coatings. These propose an increase in groove depth to the current grooved

SThM cantilevers and demonstrate that the widths of the SiNx were not equal. In
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addition, unequal widths can actually be utilised to shift the NA position which can

be mathematically determined. Furthermore, the theoretical calculation of the sec-

ond moment’s of area suggest that the stiffening effect from the grooved cross-section

could be a significant contributor to the change in thermal bending seen in the original

paper. However, this needs further modelling and experimentation of thermal bend-

ing beyond this mechanical analysis to verify this hypothesis. Exploration of this is

described below.

4.1.3.3 Thermal Bend Modelling

With the mechanical behaviour well understood, the next step was to determine how

temperature change induced bending, rotation and deflection in SThM cantilevers

when OC. Again, flat SThM cantilevers were first examined.

Flat Cantilevers

To analyse flat SThM cantilevers, the first port of call was to explore the mathematical

relation pertaining to thermal bending for a simple, prismatic cantilever. Analysing

Equation 3.3 shown in the Research Method, it can be seen that not only each mate-

rial’s CTE determines the extent of curvature (single order relation), but the Young’s

Modulus has a significant second order impact. These both are directly related to ver-

tical deflection based upon the Euler-Bernoulli relation developed in Equation 3.9. Re-

garding the Young’s Modulus, it represents each material’s stiffness and so the stiffer

the material, the greater the ability to impart its behaviour. Therefore, a material with

high CTE, but low Young’s Modulus may result in a lower bending moment and de-

flection than a material with a lower CTE, but greater Young’s Modulus. The exact

extent of this for flat SThM cantilevers shall be elucidated later. However, before ex-

ploring this, the next major material property is the Poisson’s Ratio (inversely propor-

tional) which plays a significant role if the Biaxial Modulus is employed. It has been

determined to not be applicable for an EF, however, for thermal bending it may be

significant due to the cantilever’s tapered shape. The effect of the Biaxial Modulus

depends on the geometry of each material alongside their respective Poisson’s Ratio

values. In addition, the impact of the geometry can be rudimentarily determined from

Equations 3.1, 3.2, 3.3, 3.9 for vertical deflection. These are listed thusly:
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Temperature Change - Directly Proportional: δ = mT

Cantilever Length - 2nd Order Polynomial Increase: δ = aL2 + bL + c

Width - 2nd Order Polynomial Increase: δ = aw2 + bw + c

Thickness - 3rd Order Polynomial Decrease: δ = at3 + bt2 + ct + d

The notable differences between the above and that for an EF are that length has

a single lower order relation while width has a greater one. However, thickness has a

similarly pronounced 3rd order polynomial relation. Hence, thickness of each material

appears to have the most impact on thermal bending followed by width and length.

However, to better analyse thermal bending for SThM cantilevers, a more advanced

analysis utilising the developed models was required. Initially, the FDM model was

utilised to provide a theoretical appreciation of thermal bending. However, as stipu-

lated in the Research Method, there are multiple assumptions and/or options before

settling on a final model. The first of these was the use of the Effective Modulus for the

substrate when covered in a relatively thick coating(s). As the ratio of Au-to-SiNx in

SThM cantilevers exceed that in the paper’s cantilever the work was originally based

upon [86], it should be utilised. However, to ensure this is sound, it should be com-

pared to FEA as this will highlight whether the assumptions made for the Effective

Modulus are sensible. Alongside this, the use of the Biaxial Modulus instead of the

materials Young’s Modulus needs to be determined. This should be employed if ther-

mal bending manifests in a manner similar to a plate structure. Again, this was best

verified through comparison to FEA with its full 3D modelling. In addition, both the

FDM and FEA outputs are compared to experimental results for a comprehensive val-

idation in the subsequent chapter. Before this, a table for the various model results

was collated for flat SThM cantilevers. This can be seen in Table 4.5, whereby no NiCr

was included in the models due to its 5 nm thickness causing mesh generation issues

in FEA’s 3D model (as previously highlighted).

In Table 4.5, it is clear that both the Effective Modulus and Biaxial Modulus in-

crease thermally induced deflection. The modulus that is in closest alignment to FEA

is the Effective Modulus (based on Equation 3.6) and the Young’s Modulus. The theo-

retical structure for this being one with a thick coating and beam like behaviour. As the
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TABLE 4.5: SThM Model Comparison for Uniform Temperature Thermal
Bending

Model Substrate
Effective
Modulus

All
Materials
Modulus

Theoretical
Structure

Vertical Deflection
of Tip (µm/K)

FDM

None E Thin-Beam 0.114

None EBiaxial Thin-Plate 0.141

Eq. 3.6 E Thick-Beam 0.163

Eq. 3.6 EBiaxial Thick-Plate 0.183

FEA NA NA NA 0.155

Percentage
Difference

None E -26.5 %

None EBiaxial -9.0 %

Yes E +5.2 %

Yes EBiaxial +18.1 %

+1.030e+00
+9.016e-01
+7.728e-01
+6.440e-01

+3.863e-01
+2.575e-01
+1.286e-01
-2.280e-04

+5.151e-01

+1.546e+00
+1.417e+00
+1.288e+00
+1.159e+00

U, U2 (μm) Deformation Scale
Factor = 10

Fixed End

FIGURE 4.14: FEA - Flat SThM Cantilever 10 K Uniform Thermal Bending
OC

SThM’s SiNx-to-Au ratio exceeds that for its application L. Yi et al.’s paper [86], then

the former seems logical. However, the results are not in exact alignment. This could
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be due to the Effective Modulus’s simplifications potentially not being completely ac-

curate, possibly due to the hybrid nature of thermal bending in SThM cantilevers.

This is because, as seen in Fig. 4.14, up to the tapered section the deflection is no-

tably greater towards the edges than the centre (i.e. synclastic curvature like a plate).

However, for the tapered section, the difference reduces with width causing the can-

tilever to be more beam like and the final tip deflection like a beam’s. We can analyse

the extent of the plate-like behaviour up-to the taper by comparing the centre and

edge deflection outputs in the FEA model to the FDM’s Young’s Modulus and Biaxial

Modulus deflections 90 µm along the cantilever. The values for which can be seen in

Table 4.6 where the centre and edge positions in FEA show similar magnitudes to the

Young’s and Biaxial Modulus respectively. Therefore, it is clear that up until the taper

TABLE 4.6: Flat SThM Models Lateral Position Comparison for Uniform
Temperature Thermal Bending 90 µm Along Cantilever

Model Position/Modulus Vertical Deflection at 90 µm
Along (µm/K)

FDM
E 0.055

EBiaxial 0.062

FEA
Centre 0.050

Edge 0.067

occurs, thermal bending for SThM cantilevers manifests like that of a plate structure to

some degree. However, with the tapered section, this funnels the deflection across the

whole width towards the centre up to the tip and acts more like a conventional beam.

As a result, the cantilever is perhaps best described as a beam-plate hybrid structure.

Although, in regards to tip deflection, assuming the whole cantilever is a beam pro-

duces a more accurate tip quantification than a plate. Therefore, without producing a

theoretically convoluted structure where plate and beam assumptions are applied at

different sections, the Thick-Beam one was decided as the prevailing approach in the

FDM model. Furthermore, clearly stating this assumption and its uniform applica-

tion provides a simpler understanding and interpretation of its results. The respective

FDM tip deflection due to temperature change was henceforth deduced alongside the

respective deflection and rotation profiles in Fig. 4.15 & 4.16, where NiCr (5 nm) was
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included for the most accurate possible quantification.

FDM - SThM Uniform Temperature Thermal Bend Results

Vertical Deflection of Tip = 0.166 µm/K
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FIGURE 4.15: FDM - Flat SThM Uniform Temperature Thermal Bend Verti-
cal Deflection Profile
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FIGURE 4.16: FDM - Flat SThM Uniform Temperature Thermal Bend Rota-
tion Profile
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Analysing Fig. 4.15 & 4.16, a similar general shape to that from an EF was pro-

duced. However, the vertical displacement and rotation increase by a greater de-

gree further along the cantilever relative to an EF. Moreover, with even one Kelvin

of temperature change, a significant tip deflection of 0.166 µm/K at the tip was pro-

duced. This highlights the pronounced influence temperature change has on SThM

cantilevers. Therefore, with these profiles and magnitudes established, the final the-

oretical component that was desired to be explored was the interpretation of thermal

bending in an AFM. This was possible by utilising the theoretical InvOLS deduced for

an EF. The InvOLS values were extracted and multiplied by the thermal bend induced

rotations along the cantilever length with the subsequent profile shown in Fig. 4.17.

From this, it is very apparent that the previously noted difference in rotation between
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FIGURE 4.17: FDM - Flat SThM Theoretical AFM Interpretation of Uniform
Temperature Thermal Bend

an EF and thermal bending does produce a different interpretation by the AFM’s op-

tical lever system. For an EF, this profile would be constant and a flat line that corre-

sponds to its tip deflection is outputted (e.g. 0.598 µm/100 nN EF). However, as the

rotation due to thermal bending varies significantly along the cantilever length when

compared to that from an EF, a variable interpretation is produced. Therefore, the laser

position will not only dictate the InvOLS, but the resultant tip deflection measurement

for thermal bending in an AFM. Moreover, AFM’s interpretation is mostly incorrect.

In the above case the actual tip deflection due to thermal bending is 0.166 µm/K which

DOCTORAL THESIS Christopher W. Mordue



Chapter 4. Mechanical & Thermal Bend Modelling of AFM Cantilevers 114

is only measured when the laser is positioned 95.5 µm along the cantilever. Hence, the

AFM’s optical lever system produces a variable and erroneous measurement of ther-

mal bending for flat SThM cantilevers which heightens the complexity of the problem.

If the above is the case experimentally alongside for other bi-material AFM cantilevers,

then it could have profound influence in the understanding of thermal bending, drift

and designing solutions.

Before acting on the above conclusion experimentally, one final OC thermal bend-

ing situation was studied theoretically. This was SThM’s unique ability for self-heating.

A theoretical appreciation of this was desirable to help understand SThM’s active ap-

plication in scanning alongside its use as an initial heat source for investigating IC

thermal bending later discussed in Chapter 5. To achieve this, a thermal-resistance

model previously developed within the academic group by R. Lambert [141] was em-

ployed. This simulates various electrical and thermal characteristics of SThM can-

tilevers, allowing it to determine spatial-temperature change due to electrical current

through its wires and sensor. The subsequent spatial-temperature array could then be

utilised in the FDM model to determine the resultant thermal bend induced deflection

(as long as the meshes of the two aligned). This was performed with the temperature

profiles due to 0-1.5 mA of current graphed in Fig. 4.18 alongside each one’s respec-

tive average Pd sensor temperature change. The subsequent thermal bend induced

deflection profiles according to the FDM model was generated and outputted in Fig.

4.19 with a tip deflection up-to 1.239 µm. These tip deflections translate to a con-

sistent 0.017 µm/K when temperature change is based upon that of the Pd sensor’s

average. This is around a tenth of the 0.166 µm/K generated from a uniform temper-

ature change. This is understandable as the cantilever length not covered by the Pd

(i.e. up to 145 µm along the cantilever) experiences a lower temperature change and

so a lower magnitude of vertical deflection that is related to this pronounced decaying

towards the base. Before moving on, it can be seen that both the temperature and tip

deflection has a non-linear relation with current. This is due to current’s squared rela-

tion to the fixed electrical resistance according to the combination of Joule’s and Ohm’s

Law (P = I2R) with power being linear with temperature change (due to power being

linear with heat energy and so temperature change). This means that power at any

given point along the cantilever is linear with vertical deflection. Therefore, through
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2.0 K

8.1 K

18.2 K

32.4 K

50.6 K

72.8 K

FIGURE 4.18: Flat SThM Cantilever’s Self-Heating Temperature Distribu-
tions With Average Tip Sensor Temperature Change

0.034 μm

0.138 μm

0.310 μm

0.551 μm

0.861 μm

1.239 μm

FIGURE 4.19: Flat SThM Cantilever’s Self-Heating Vertical Deflection Pro-
files With Tip Deflection

simple determination of SThM cantilever’s total electrical resistance, power can be cal-

culated and a constant gradient linking it with temperature and deflection. According

to R. Lambert’s model, a flat SThM probe is nominally 86.52 Ω. As a result, averaging

across the Pd tip sensor a 0.374 K/µW self-heating relation was generated. This trans-

lates to a tip deflection of 6.4 nm/µW. However, these relations do not account for heat

loss to the ambient environment or to the sample. These can be appreciated within the
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thermal-resistance model, but if it is assumed that this heat loss is uniform with area

then contrasting deflection per tip temperature change should theoretically not be in-

fluenced by this and comparable to experimental results. This is due to the tip temper-

ature measurement effectively providing an accurate adjustment to any mis-match in

the resistance and power to it between the model and a real-world probe. Contrasting

any electrical property (current, power, voltage) with the subsequent temperature or

deflection may not be comparable between models and experiments unless in a vac-

uum. Now with a sound theoretical appreciation of the OC thermal bending situations

relevant to flat SThM cantilever’s, the next step was to explore this in grooved SThM

cantilevers.

Grooved Cantilevers

Following on from the mechanical analysis and modelling of grooved cantilevers in

Section 4.1.3.2, the first step was to produce the relevant thermal bend equations in the

FDM model. As this model is 1D and assumes no impact from lateral position of the

materials, it can be imagined that the model realises each material in a stacked fashion

directly on top of each other. Hence, theoretically, the FDM model will regard it like a

sandwich structure and should simply output results for this structure as opposed to

the open nature of the grooved design. However, to verify this, the previously derived

thermal bend Equations of 3.1, 3.2 and 3.3 were employed by segmenting the cross-

section and regarding them as separate layers. How this was sectioned up can be seen

visually in Fig. 4.20, whereby L is short for layer.

[L2] [L2]

[L3] [L3]

[L1]

[L4]

FIGURE 4.20: Grooved Cantilever Cross-Section Layer Separation Diagram

With this sectioning, the question of whether the groove’s structural compensation

theory aligns with the 1D approach can be answered alongside whether the newly de-

duced groove depth is correct or not. This was analysed by inspecting the initial 75 µm

long section in grooved cantilevers as the grooved cross-section is constant (prismatic)

during this length of the cantilever and so no other changes in geometry can influence
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the analysis. The previously determined groove depth of 503 nm in the mechanical

analysis was chosen along with the typical width and thickness as this theoretically

should output zero thermal bend induced deflection. For this, a value of -3.3x10−9

nm/K was determined which is effectively zero. When this is contrasted with a nor-

mal, flat SThM cantilever, a deflection of 37.7 nm/K 75 µm along the cantilever was

produced. This clearly demonstrates that the 1D model validates the structural com-

pensation theory. Moreover, it agrees with the conclusion that the groove depth de-

rived by Y. Zhang et al [114] was incorrect with it requiring to be deeper. However,

whether or not the FDM Model’s 1D simplification for such a complex cross-section

is applicable need to be verified through FEA. Similar to that used for flat cantilever,

a deformable 3D solid model with hexagonal, structured elements of a quadratic ge-

ometric order, hybrid formulation and reduced integration with 12 and 4 elements

across the SiNx and Au thicknesses respectively was employed. This means that the

results will be comparable to that of the flat cantilever models alongside bringing con-

fidence that no simplification will generate inaccuracies in the results. The same di-

mensions as the FDM model were utilised and the overall FEA output seen in Fig. 4.21

for a 10 K uniform temperature change. This generated central and edge deflections

of 10.8 nm/K and 23.0 nm/K respectively.

Deformation Scale
Factor = 100

+7.653e-02
+9.570e-02
+1.149e-01
+1.340e-01

+1.724e-01
+1.916e-01
+2.107e-01
+2.299e-01

+1.532e-01

-1.654e-04
+1.901e-02
+3.818e-02
+5.735e-02

U, U2 (μm)

Fixed End

FIGURE 4.21: FEA: Theoretically Ideal 75 µm Long Groove Cantilever Un-
dergoing 10 K Uniform Thermal Bending

As it can be seen from Fig. 4.21, significant thermal induced deflection still was

produced, especially near the edges of the cross-section. This contradicts the result

from the FDM model and the concept the design was motivated by. This suggests that
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the lateral positioning of the SiNx does affect the ability for it to balance and produce a

NA position half-way through the thickness of the Au. Therefore, the question is why

is this not the case. One hypothesis could be that because of the variable height and po-

sitioning of the SiNx in the cross-section, the strucutre is not as laterally stiff and even.

Hence, the SiNx in the groove and raised on the sides are not equal in their influence

mechanically in the cross-section. One method to test whether this was the case was to

vary the cantilever length. The longer the cantilever, the more ’beam’ and ’strip’ like it

would become, resulting in less relative lateral variation across the width to the longi-

tudinal deflection behaviour. A preliminary study was executed that explored this by

modelling 75 µm and 600 µm long grooved cantilevers. Initially, the previously deter-

mined 503 nm groove depth was employed with the results shown in Table 4.7. With

TABLE 4.7: Groove Depth vs. Cantilever Length Preliminary Study

Deflection (nm/K)

Groove Depth (nm) Cantilever Length (µm) Central Edge

503
75 10.8 23.0

600 24.4 57.0

525
75 10.4 22.9

600 4.3 37.0

550
75 9.7 21.7

600 -15.3 17.6

the octuple increase in length, both the central and edge deflections doubled. This

initially highlights that the theoretically derived groove depth did not produce the

desired complete attenuation effect for both lengths. However, with length’s squared

relationship to thermally induced deflection, this is 1
32 to what would be expected.

This implies that perhaps the groove is having an effect with either it having a limited

impact or its depth not being great enough. The latter was explored, whereby 525 nm

and 550 nm groove depths where chosen with the deflection outputted for 75 µm and

600 µm long cantilever’s shown in Table 4.7. From this, it is clear that the groove depth

eventually has an effect as a change in direction of the central deflection occurred for

the 550 nm deep groove. Therefore, length does seem to have a clear influence on the

ability for the groove to take effect. Moreover, a greater groove depth to that theo-

retically determined produces the same effect. The most probable influence being the
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materials Poisson’s Ratios. This was deduced when each material’s Poisson’s Ratio

was removed and the theoretically derived groove depth (503 nm) generated central

deflections that plateaued at 6.2 µm from 300 µm and longer cantilevers. Therefore,

contrasting this with that shown for the same groove depth in Table 4.7, it is clear that

Poisson Ratio’s impact increases the required groove depth and perhaps the length for

it to take full effect.

As a result of the above preliminary work, a study incrementally determining the

impact of a single groove depth with length was required to deduce the point at which

it does start to have a significant effect with fully defined materials. As a groove depth

of 525 nm produced the closest convergence to zero central deflection with its 600 µm

long cantilever, it was chosen for this study as this would be ideally aimed to attenuate

thermal bending. The results of which can be seen in Table 4.8 below alongside Fig.

4.22 depicting the vertical deflection outputs for the shortest (75 µm) and longest (600

µm) sections along with their respective spring constants.

TABLE 4.8: Grooved Cantilever Length Study

End Deflection (nm/K)

Cantilever Length (µm) k (N/m) Central Edge ∆

75 3.27 10.4 22.9 12.5

150 0.64 8.8 40.0 31.2

225 0.20 9.0 42.1 33.1

300 0.09 9.2 42.1 32.9

375 0.05 8.9 41.7 32.8

450 0.03 7.9 40.7 32.8

525 0.02 6.4 39.1 32.7

600 0.01 4.3 37.0 32.7

Analysing the results seen in the table, both the central and edge deflections begin

to reduce in magnitude from 300 µm (5:2 length to width ratio) and longer. There-

fore, this appears to be the length at which the grooved cross-section generates a pro-

nounced effect. Moreover, the difference between the central and edge deflections

plateaus from 300 µm and longer. This suggests that the grooved design has reached

its maximum ability to impart itself by remaining relatively constant, whereby greater
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+1.327e-01
+1.661e-01
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+2.329e-01
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+3.332e-01
+3.666e-01
+4.001e-01

+2.664e-01

-1.038e-03
+3.239e-02
+6.581e-02
+9.924e-02

U, U2 (μm)

Deformation Scale
Factor = 100

+7.612e-02
+9.517e-02
+1.142e-01
+1.333e-01

+1.714e-01
+1.904e-01
+2.095e-01
+2.286e-01
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+3.801e-02
+5.706e-02

U, U2 (μm)

FIGURE 4.22: Grooved Cantilever FEA Model Length Study: 75 µm & 600
µm Long 10 K Temperature Change

length enables a greater opportunity to change the end deflection magnitude. Along-

side the end deflections, a change in the deflection profiles occurred with increased

cantilever length. This can be seen from the centre-line profiles for each cantilever as

seen in Fig. 4.23. These all follow a common profile with the longer cantilevers able

to have greater opportunity for the groove cross-section to take effect. If profiles like

that seen in Fig. 4.23 are taken along the edge, a different but similarly consistent set

of deflection profiles is seen with it being more positive (up to the magnitude shown

in Table 4.8). However, this general lateral variation with length will not be uniform

for all groove depths as significantly shallow or deep grooves will have far reduced

or greater impact. Alongside all of the above, current grooved SThM cantilevers have

a taper from 90 µm along to produce a fine tip. As highlighted previously, it was hy-

pothesised that this can act as a funnel for deflections across the widths. Therefore,
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FIGURE 4.23: Grooved Cantilever Length Study - Centreline Deflection Pro-
files

the deflections measured at the edges would contribute to the final tip deflection and

as they are greater in magnitude, would generate greater deflection of the tip.

With the above conclusions, currently fabricated grooved SThM cantilevers are 150

µm long with a grooved cross-section only spanning 120 µm along it. Therefore, the

current design is too short with a length-to-width ratio of 1:1 that is too low for the

effect to come to fruition coupled with the groove also being too shallow. If the latter

was increased, the groove would likely need to span as much of the cantilever length

as possible with the maximum possible of 139 µm for the current length due to the tip

beginning from this position onward. With a groove depth around 525 nm, the above

modelling suggests that SThM cantilever would be required to be at least double the

length for even the effect to start to reduce vertical deflection. However, as seen with

the spring constant determination, this would render significantly reduced stiffness

(due to lengths cubic polynomial impact) that could make them unusable for users

and applications in contact mode. Conversely, this would result in greater deflection

per tip force and so less interpreted tip force per thermal bend induced deflection.

Although, an increased length would result in longer Au wires and hence increasing

its contribution to the probes overall electrical resistance and impede its thermal mea-

surement (through reduced resistance ratio of tip sensor-to-wire). Alongside these
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negatives, the fabrication of longer cantilevers would be a notable challenge and re-

quire many changes to the current process sheet. It would involve significant changes

to the many lithography steps employed (EBL and Photolithography) and tweaking

of other steps such as wet-etching of the pyramid’s for the tips.

However, an alternative to increasing the cantilever length could be through sim-

ply increasing the groove depth as FEA suggests this may reduce the required length

until a change in deflection will occur and the groove to take effect. Although, the

free-end of the cantilever notably deflects upward regardless along with it varying

significantly across its width for all groove depths modelled (up-to 1 µm explored in

this project). Therefore, increasing the groove depth does not prevent the need for a

significant length for the groove’s effect to span over most of the cantilever or the vari-

ation seen across its width. The latter could potentially be worse with the stiffening

causing greater interpreted force to rotation in an AFM optical lever system coupled

with the groove depth causing even greater difference between the groove and edge

sections. With all this said, changing the groove depth would be relatively trivial from

a fabrication perspective as it would only require an increase in etch depth.

An additional alternative to increasing the cantilever length or groove depth could

be to reduce the cantilever width. This would impact the stiffness less as width has a

single order impact on stiffness, but this would present other problems. These would

require both the groove and the edge sections of the cross-section to be reduced signif-

icantly resulting in limits on the Au wire width. For example, to produce the equiv-

alent 5:2 ratio stated in the above study for a 150 µm long groove, the total width

would need to be reduced to 60 µm resulting in a groove less than 30 µm wide and

wires less than 15 µm wide (almost half what they are currently). This would increase

the effects of Joule heating (and so the effects from thermal bending during active

SThM operation) and effect thermal measurement. Moreover, it would require a sig-

nificant change in a number of EBL and Photolithography and subsequent processes.

However, even with all the above challenges and drawbacks it would be possible to

produce grooved SThM cantilever with either increased length, groove depth or re-

duced width. Although, the final design would still be unideal with notable thermal

bending occurring even at 300 µm long cantilevers and significant lateral variation in
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deflection that would generate notable horizontal voltage change on the AFM pho-

todetector with temperature change.

One final point regarding grooved cantilevers is the robustness of the structural

compensation concept it is based upon. The effect is dependent on the aerial defi-

nition of the etch that produces the groove, SiNx and Au thickness and the etched

groove depth itself. The former is dependent on Photolithography which is reliable

at the resolution for the SThM aerial dimensions (10s of microns). However, the latter

components of thickness and depth have significant uncertainty. The SiNx is known

to vary between wafers and even on the same wafer, with one example exhibiting a

35.4 nm range in thickness. The metal thickness is typically more consistent, whereby

the Plassys II tool utilised for the Au deposition in the JWNC employs an accurate

quartz crystal for thickness monitoring and is regularly checked and monitored for

consistency. Therefore, it is less prone to variation. The groove depth on the other

hand has the potential for reasonable variation due to the lack of real-time depth mea-

surement during dry etch and only previous experimental time vs etch depths being

employed. Alongside this, any degree of variation in the etch rate across the wafer

could produce a notable change in groove depth. Hence, it appears highly unlikely

that the exact groove depth for a precise material thickness will be possible. If this is

coupled with some alternative requiring a gross amount of change of the SThM design

required for the structural compensation effect to even occur alongside it still demon-

strating notable vertical deflection, it appears an unideal solution overall. With the

above comprehensive theoretical analysis of SThM cantilevers when OC for both the

mechanical and thermal components, the next natural step was to explore the more

complex scenario when the cantilevers are IC.

4.1.4 In-Contact

A similar process to OC was performed for IC, whereby the BCs for mechanical and

thermal aspects first needed to be established.
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4.1.4.1 Boundary Conditions

Mechanical

The mechanical situation is far more complex for SThM and AFM cantilevers in gen-

eral when IC regarding their degrees of freedom (DOF). Similar to OC, the base is

fixed, but the tip that interacts with the surface will experience an array of forces. The

extent of this is dependent on the shape and material of the tip and surface alongside

their relative position to one another to produce the resultant forces. In this analysis,

the feedback of the AFM will be mostly ignored to establish the mechanical situation

prior to it responding. This enables a firm understanding of the initial mechanical

situation and deflection prior to it intervening.

Regarding SThM cantilevers, the tip has a radius of curvature nominally 50 nm

with the Pd tip resistor making the immediate contact with the surface. The type of

surface potentially ranging from polished Si to sticky biological samples. Hence, these

can produce almost entirely different DOFs at the tip from their topography and ad-

hesion properties. However, there is some common ground and the best method of

elucidating this was to separately explore each of the six DOFs that dictate the me-

chanical BC. These were broken down into the two types: translation (vertical, lateral

and longitudinal) and rotation (pitching, rolling and yawing). These are visualised in

Fig. 4.24 for a flat SThM cantilever tip.

Vertical (z)

Longitudinal (x)

Lateral (y)
Roll (yz)

Pitch (xz)

Yaw (xy)

FIGURE 4.24: SThM Cantilever Tip DOF Diagram

Translation
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Vertical (δz): The best method to understand the vertical direction is to look at how

AFM’s displacement through its piezoactuator influences the force and interaction of

the tip with the sample surface. If it is assumed the sample is significantly stiffer than

the cantilever, then when a piezoactuator drives the cantilever into the surface, an

equal and opposite force will be applied to the tip. This equal and opposite surface

force is shown in the linear contact region of a F-d curve, like that shown in Figure

4.25 for a flat SThM cantilever making contact with polished Si. Therefore, under this

assumption of a relatively stiff sample, when a cantilever tip is driving into a surface

no vertical displacement occurs in the sample or tip until the forces exceeds the elastic

limits of either. When the piezoactuator moves the cantilever away from the surface

while IC, the tip is fixed (as the linear portion remains consistent in the F-d graphs)

until the drive-in and adhesion force is overcome. Hence, the tip is essentially fixed

vertically with either downward forces exceeding the elastic limits of the tip/sample

(typically beyond the photodetector force range) or upward forces overcoming the

drive-in and adhesion forces. For example, multiple Voltage-distance curves (includ-

ing the one in Fig. 4.25) were generated for a flat SThM against a polished Si surface

that displayed an adhesion force that translated to 1.578 ± 0.015 V vertically on the

photodetector. Based upon the cantilever’s determined InvOLS, this equals to a tip

displacement of 149 ± 3 nm. What tip-force this represents depends on its spring con-

stant. Applying the nominal magnitude stated by some SThM distributors of 0.3 N/m

[196], this suggests an adhesion force of 44.8 ± 0.8 nN. However, if the cantilever is

driven beyond the initial contact point, the required force will be greater with 5 V be-

ing the equivalent of 141.8 nN in this case. In the opposite direction, if the elastic limits

are exceeded for either the cantilever tip or sample surface then tip displacement will

occur. For polished Si this was beyond the photodetector limits (i.e. greater than 10 V

or 283.6 nN as most SThM cantilever’s are engaged near the zero vertical voltage pho-

todetector position). As a result, these forces have to be overcome for notable vertical

displacement of the tip, with an excess of adhesion forces resulting in loss of contact.

With these tip force magnitudes for vertical tip displacement, it was desired to re-

late this to temperature induced thermal bending due to these mechanical BC’s being

investigated for their impact on it. For this, the temperature-to-tip-force relation was
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FIGURE 4.25: Flat SThM Voltaeg-distance Curve on Polished Silicon

required as this would be crucial in establishing their relative influences. For exam-

ple, if a very low temperature change overcomes the adhesion tip forces stated above,

then thermal bending for a cantilever when IC and bending away from contact may

be best modelled without any vertical tip constraint. As a result to obtain a gauge, the

tip vertical deflection for OC thermal bending from the FDM model can be employed

with the following calculation:

knominal = 0.3 N/m

δz,tip,Th.B. = 0.166 µm/K

˙. .

Equivalent Tip Force = knominal × δz,tip,Th.B.

= 49.8 nN/K

(4.3)

Hence, dividing the above 49.8 nN/K for any determined tip force produces the equiv-

alent temperature change. For the previously determined 1.578 V (44.8 nN) and 5 V

(141.8 nN) adhesive force, a temperature change of 0.9 K and 2.85 K would overcome

them respectively. This is not insignificant and indicates that the vertical BC should
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not be ignored for temperature induced deflection. What should additionally be men-

tioned is that algebraically this value is unaffected by the cantilever spring constant

applied if the same stiffness is applied to both the EF and thermal bend deflections:

kδEF
kδTh.B.

= δEF
δTh.B.

. Therefore, only the tip’s vertical displacements for either impact the final

magnitude. Whether or not the model employed here is sound will be experimentally

verified later in the thesis, but at this stage it gives some indication of temperature’s

impact. In addition, it should be noted that most AFM cantilevers have their metal

coating on-top, instead of the underside like in SThM. This means that temperature

would have to decrease for the cantilever to overcome adhesion forces.

Going back to one of the initial assumptions that will not be the case for all samples,

is it being relatively a lot stiffer than the AFM cantilever. This may not be plausible

for biological sample. Hence, vertical displacement of the tip toward the sample may

occur with lower tip forces resulting in displacement with resistance. Under this con-

dition, the InvOLS and the resultant topographic measurement will be compromised

to potentially produce a consistently erroneous measurement. Furthermore, in this

scenario the vertical BC is complex where the author would model this as a viscoelas-

tic type behaviour and best represented with a combination of springs and dashpots.

Moreover in the opposite direction, adhesion forces may be greater when based upon

biological samples greater tendency to be rougher, contaminate the tip and have more

humid local atmospheric conditions increasing the water meniscus’s effect. There-

fore, greater force may be required to pull the cantilever tip away from the surface

while less to indent it. As a result, the magnitudes for the polished Si surface should

be taken specific to one of a relatively smooth, clean surface. This also still required

significant force and temperature change to exceed the various fixations and so the

vertical BC demonstrated should be applicable to most thermal bending models, but

notable variations to the limits of this will occur across samples.

Before proceeding onto the next section, as has been stated earlier, this analysis is

ignoring the feedback loop. However, when engaged the latter will keep the tip in

contact with the surface. Although, as has already been theoretically explored, the

AFM will not accurately respond to thermal bending due to the EF based InvOLS. As

a result, adhesive and elastic limits will only be overcome if the difference in the inter-

preted tip deflection and force to the actual value is greater than these. For example,
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using the above experimentally determined values, this difference would need to be

the equivalent to 0.9 K and 2.85 K. In addition, the feedback loop does not have an in-

stantaneous response and rapid thermalisation could cause temporary loss of contact.

Lateral (δy): The lateral DOF can be examined through exploration and analysis

of lateral force microscopy in AFM. Within this, surface topography and the coeffi-

cient of friction are the main drivers of the forces and hence the DOF laterally. The

coefficient of friction is dependent on the key factors of the normal tip force, lateral

radius of curvature and local humidity (with many other factors relating to the sam-

ple and environmental conditions) [199]. Regarding topography, as these BCs are ex-

plored statically, if the tip is adjacent to a surface asperity then the forces experienced

in the normal F-d curves will apply in providing attraction and repulsion. This will

likely provide lateral fixation similar to that seen in the vertical axis. Hence, the lat-

eral regime is potentially subject to the same behaviour seen in the vertical direction.

However, if the sample is topographically flat, then an offsetting resistance from the

tip-sample friction will occur. An example of this can be seen in the friction loop of

a SThM cantilever as depicted in Fig. 4.26 with sketches of the respective cantilever

movement. What can be seen, is that when static friction is exceeded (around 0.01◦ ap-

pears to induce this here), lateral displacement of the cantilever can occur with a resis-

tance to motion continued from the kinetic friction. To obtain this rotation, the lateral

voltage was converted into rotation using the ’Tilting a Reflective Surface Method’ de-

tailed by M. Munz [200]. This involved a mirror that was underneath the AFM head

in a position similar to that of a cantilever. This aimed to mimic the reflection that an

AFM cantilever would have for the laser in the optical lever system. Hence, when this

mirror was rotated and the horizontal voltage change noted, the torsional sensitivity

(sθ) could be determined. Specifically, a chrome mirror was tilted using the actua-

tion from the AFM’s stage. This functioned by the mirror being the hypotenuse in a

triangle and the stage’s y-displacement changing the triangles flat edge. A diagram

depicting this can be seen embedded in Fig. 4.27. Vernier callipers were then used to

measure the triangles initial dimensions and the change in stage position permitted

trigonometry to determine the change in tilt angle of the mirror. With all of this, a

torsional sensitivity and standard deviation of 0.0178 ± 0.00038 ◦/V respectively was
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FIGURE 4.26: SThM Friction Loop on Polished Silicon Surface

FIGURE 4.27: Tilting a Reflective Surface Method Experiment - Change in
Horizontal Voltage vs Mirror’s Angle

deduced as seen from the gradient in Fig. 4.27. This value is highly certain with very
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low standard deviation and an R2 value of 0.9999. However, for insight into the co-

efficient of friction and so its impact on lateral DOF, it was necessary to translate this

into force. This could not be achieved experimentally, but the FEA cantilever model

described previously was able to provide a theoretical value. Therefore, assuming the

cantilever’s torsional behaviour and its torsional spring constant (kθ) were reasonably

appreciated in this, a ratio between lateral rotation and lateral tip force could be de-

duced. This outputted a torsional spring constant of 5.356 µN/◦ for the longitudinal

laser spot location in the experiment of 112 µm. With this established, multiple lateral

scans, such as that seen in Fig. 4.26, were performed with exactly five different normal

tip forces. This produced a coefficient of friction and standard deviation of 0.21± 0.13

for a polished Si surface, whereby the normal spring constant was employed from the

same FEA model of the SThM cantilever for normal force determination. This meant

that the absolute magnitudes of the torsional and normal springs constants are irrele-

vant. This is because both were applied in the calculation and so the main assumption

is that the model’s ratio between the two is representative of real-world SThM can-

tilevers. It should be noted that the standard deviation is significant; highlighting

notable uncertainty in the accuracy of this value. However, as this exercise was to

determine an estimation of a typical SThM lateral BC, it was still sound for the appli-

cation. Therefore, for an applied normal force range of 0-100 nN, an expected 0-21 nN

(± 1.3-13 nN) of static friction will occur. If exceeded, then lateral displacement will

be induced based upon the applied lateral tip force minus static friction with kinetic

friction during motion.

Longitudinal (δx): Along this direction, the same forces and so influences as the

lateral direction apply due to it being on the horizontal plane. As a result, it will ex-

perience the same DOF, except with potentially different coefficients of friction due

to different tip curvature. If the curvature is greater, then the coefficient of friction

experienced shall be greater and vice-versa. However, if assumed equal to the lateral,

then the same magnitude of friction effecting the BC should be applied. Under this

assumption, based upon the data previously describe and acquired, a similar range

of normal tip force of 0-100 nN should equal 0-21 nN (± 1.3-13 nN) of static friction.

This will counteract any applied longitudinal force and once exceeded, longitudinal

DOCTORAL THESIS Christopher W. Mordue



Chapter 4. Mechanical & Thermal Bend Modelling of AFM Cantilevers 131

displacement will occur. However, the stiffness longitudinally for the cantilever will

be different to that laterally and so the force-displacement relation is dissimilar. In

addition, it is worth noting that the cantilever does expand longitudinally by a no-

table degree when undergoing temperature change. This can be seen in FEA models,

whereby a longitudinal displacement of 21 nm/K occurs at the tip. As a result, tem-

perature change will induce a longitudinal force. Employing the 0-21 nN of static

friction for a 0-100 nN normal force range and a similar calculation method previ-

ously demonstrated for vertical translation, this was determined. The longitudinal

spring constant from the established SThM FEA model was used due to the lack of

quantification in literature and the challenging nature for its accurate measurement.

Therefore, the required temperature change to overcome the static friction can be de-

duced and is shown below:

klong. = 7.84 N/m

δx,tip,Th.B. = 21 nm/K

˙. .

Equivalent Tip Force = klong. × δx,tip,Th.B.

= 164.7 nN/K

˙. .

For 0-21 nN Static Friction Range:

0− 0.13 K

As a result of the above, it can be seen that very little global temperature change will

exceed the static friction. Even in the scenario of a large 100 nN normal force, only

0.13 K worth of temperature change will induce displacement. This is approaching

the assumption that longitudinal displacement will occur in all scenarios for tempera-

ture change exceeding a tenth of a Kelvin. Therefore, it is plausible to assume that the

cantilever tip will displace longitudinally with temperature change unless there is a

clear asperity limiting it. However, as previously highlighted, the friction experienced

and so the temperature to overcome it will vary based on a number of factors and

conditions and so variability to the values determined are probable.

Rotation
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Rolling (θyz): The ability for rotation around the longitudinal axis can be fairly sim-

ply surmised from the documented and observed phenomenon of stick-slip in lateral

force microscopy. As the name suggests, this behaviour exhibits two components of

stick and slip. The former pertains to the tip not translating while the AFM actuates

at 90 ◦ causing the cantilever to rotate that translates into a change in the horizontal

laser position on the photodetector [200]. However, once the local static friction has

been overcome, the tip slips into the adjacent area in the scan direction. An example

lateral scan be seen in Fig. 4.28 where the saw-tooth like form depicts this. Therefore,
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FIGURE 4.28: Friction Loop Demonstrating Stick and Slip of a SThM Can-
tilever

rolling can occur from contact, with the extent of it depending on the actuation (i.e. if

the cantilever is directly rolled from motion or temperature induced deflection) and

tip-sample coefficient of friction. The latter essentially sets the threshold for rolling oc-

curring and as an example, the previous data for a polished Si surface should generate

rolling up to 0.01◦ when around 21 % of the normal force is exceeded laterally. More-

over, it should be noted that beyond the simple linear expansion of material laterally

in the cantilever, unless there is an imbalance/a-symmetry in the coating and/or sub-

strate laterally, then no temperature induced rolling should occur.

Pitching (θxz): Rotation around the lateral axis is equally understood through the
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observed stick-slip motion that can occur during longitudinal scanning. The differ-

ence between this as opposed to rolling is that the scan direction is longitudinal and

hence a different cantilever stiffness in experienced along this direction (i.e. longitu-

dinal spring constant). This results in a different magnitude of rotation and photode-

tector voltage change. Therefore, pitching can occur with a similar dependence on the

cantilever actuation and coefficient of friction. Furthermore, as established for longi-

tudinal translation, little temperature change will result in longitudinal displacement.

Hence, the tip will likely not provide adequate resistance to prevent pitching and so

even though there maybe the same resistance from friction to that experienced later-

ally, it will likely have minimal impact.

Yawing (θxy): Rotation along the vertical axis is far less intuitive than the aforemen-

tioned rotations based upon typical AFM operation and actuation. As the horizontal

plane is determined to be only restricted by topographic features and coefficient of

friction, yawing is possible. It then follows a similar resistance to that determines for

lateral and longitudinal translation. However, due to AFM’s typical operation direc-

tions and planes, this will very unlikely occur unless a very bespoke AFM system and

scan direction is applied. In addition, a-symmetry in the cantilever substrate and/or

coating may generate some yawing, but this is likely very low. Hence, it is a DOF that

will likely have minimal impact if restricted or free and is one that further investiga-

tion was not required for the scope of this project.

Overall, from exploring each DOF, the clear mathematical expression for SThM

and general AFM cantilever tips when IC and static could be established and are as

follows:
δx = 0 for Force ≤ µs (Thermal Bending Easily Exceeding)

δy = 0 for Force ≤ µs

δz = 0 for Force ≤ Adhesion/Elastic Limits

θxy = 0

θxz = 0 for Force ≤ µs (Thermal Bending Easily Exceeding)

θyz = 0 for Force ≤ µs (Easily Exceeded in Lateral Scanning)

(4.4)
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where µs is the static friction. What should be noted regarding the horizontal trans-

lations (x & y), it that the coefficient of static friction is completely dependent on the

factors previously mentioned, including tip curvature; tip and sample material; hu-

midity and surface roughness. However, as it was seen in the case study on a pol-

ished Si surface for y-translation from lateral scanning, this frictional force is relatively

low. Hence, for the adhesion force determined of 44.8 nN, 9.2 nN of static friction

would oppose displacement. Longitudinally, this translates to only 0.06 K of tempera-

ture change required to overcome it. Therefore, only under very small magnitudes of

change (smaller than would be expected when thermal bending and drift is a problem)

will zero displacement be observed longitudinally. In addition, if there is any lateral

a-symmetry in the cantilever, then it would likely exceed that as well. Furthermore, if

the feedback system is brought into play, it provides control of the normal force and so

vertical position. This then results in control (although likely inaccurate) in this DOF.

As a result, the author would propose that essentially the lateral and longitudinal dis-

placements are non-zero while the vertical approaching closer to zero. This would

result in the tip’s BC being closest to that of a Roller support with an offset dependent

on the known/speculated coefficient of friction. Therefore, a Roller BC was chosen to

be employed and utilised in models. This is depicted visually and mathematically in

Fig. 4.29.

δx =?
δy =?
δz = 0
θxy =?
θxz =?
θyz =?

FIGURE 4.29: Roller Tip Boundary Condition on a Cantilever

Thermal

Regarding IC, as the SThM is designed, the Pd tip resistor is highly thermally conduc-

tive making direct contact with the sample when contact scanning. Therefore, when
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the tip is IC, heat transfer occurs through solid-solid conduction, gas conduction (if not

in a vacuum), water meniscus conduction and radiation. As a result, the Pd resistor

is sensitive to heat flow with the surface, allowing for sound thermal measurement.

This means that when temperature is being measured while IC, the tip resistor will be

highly influenced by the sample temperature with a determined contact thermal re-

sistance of 8.33x105 K/W by Ge et. al [194]. This translates to a metal-metal interfacial

thermal resistance of 6.53x10−9 m2K/W. With the Pd tip resistor’s sound thermal con-

nection and low thermal resistance to the Au wires, this will be appreciably affected

likewise. The degree of this can be acknowledged through a thermal-resistance model

such as the one developed by R. Lambert [141] for SThM cantilevers if desired.

Alongside the above, fluid conduction of the cantilever with the surface will be

more pronounced due to it being more immediate to it. Hence, surface temperature

will have a greater influence on the cantilever temperature. Therefore, if a similar

approach of uniform temperature change was imparted in models, the experiment

would need to have the contact surface, immediate fluid and the probe chip all at

the same temperature. This may be achievable, however, the mechanical connection

to the contact surface is likely a problem. This is due to surface temperature change

causing expansion/contraction and so displacement that will produce a change in

applied tip force. As a result, any measured temperature induced displacement will

be coupled with a change in EF from the surface and so convolute the results. Hence,

a method to get around this would be required for sound connection between thermal

and mechanical changes.

With these BCs stated, the next step was to model this IC behaviour. Mechanical

modelling of EF’s for the IC is not elaborated in this section due to the surface generat-

ing the EF itself and the AFM’s feedback system maintaining control over this. There-

fore, the mechanical modelling of EF’s in this work maintains the AFM cantilever as

a theoretical cantilever and no other type of structure. However, this is not the case

for thermal bending as its effect is not isolated to tip-sample interaction. Therefore,

IC should dictate the thermally bent cantilever form and is hence explored in-depth

below.
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4.1.4.2 Thermal Bend Modelling

As stated, thermal bending should be affected when the cantilever is IC, whereby its

complex array of attractive and repulsive forces should change the experienced BC

alongside the AFM’s feedback system maintaining contact. As a result, it is clear that

the most appropriate tip BC is a Roller with potential limits based upon the known

adhesion force and coefficient of friction when attempting to be simulate the surface.

However, scanned surfaces varying significantly in their roughness and material(s)

alongside the ambient conditions and even inconsistency in the SThM tip radius will

have an effect. Therefore, with such ambiguity, a theoretically ideal Roller would be

suffice for modelling purposes to provide a reference scenario with no horizontal re-

sistance (i.e. frictionless). The next task was to determine which model to utilise. The

FDM model would require extensive manipulation and alteration to make it appre-

ciate this new "bridge" like mechanical scenario. Furthermore, the thermal bending

equations may not be completely applicable. Hence, it was decided for ease and ac-

curacy to utilise FEA to theoretically appreciate the subsequent thermal bending be-

haviour and contrast this with experiments. Employing the same FEA model utilised

for OC, but with a Roller BC at the tip, the overall FEA output is shown for a uniform

10 K temperature change in Fig. 4.30. The centreline vertical deflection and rotation

profiles (normalised to per Kelvin for comparison to previous graphs) in Fig. 4.31 &

4.32 respectively is additionally shown. The latter was deduced through polynomial

regression analysis of the vertical deflection trendline (6th order polynomial utilised

due to the significant number of data points) and the equation differentiated to pro-

duce the rate of change or rotation.

As can be seen immediately from the FEA result, the thermal bending behaviour

is completely different to that for OC thermal bending. Instead of the deflection in-

creasing towards the tip, it is fixed vertically resulting in a humped profile along the

length. This is reminiscent of the deflection one would expect from a bridge with a

uniformly distributed load. As a result, a maximum deflection magnitude of -14.4

nm/K occurred around 89 µm along its cantilever (59.3 % along), whereby a point-of-

inflexion (POI) occurs and so a change in rotation direction. This is apparent from the
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-4.745e-03
-2.211e-02
-3.947e-02
-5.683e-02

-9.155e-02
-1.089e-01
-1.263e-01
-1.436e-01

-7.419e-02

+6.470e-02
+4.734e-02
+2.998e-02
+1.262e-02

U, U2 (μm) Deformation Scale
Factor = 100

FIGURE 4.30: FEA: Flat SThM Cantilever Thermal Bending (10 K) with
Roller Tip BC

blue area in the FEA output in Fig. 4.30. This deflection is around a tenth of the max-

imum deflection magnitude for OC (155 nm/K) and so less thermal bending should

be expected to be measured in an actual AFM. However, as it has been mentioned,

the optical lever directly measures the rotation at the location the laser is focused at.

Therefore, the rotation is key and at the POI no rotation occurs which would theo-

retically result in zero vertical voltage change on an AFM’s photodetector and so no

interpreted vertical deflection from thermal bending. Hence, if the laser is focused at

this position, thermal bending should have a negligible effect on topographic scans.

This presents a surprisingly simple solution to minimising or eliminating the impact

of thermal bending for contact, bi-material cantilevers. This is further explored exper-

imentally in Chapter 5. From a modelling perspective, the next step was to determine

the exact theoretical deflection interpretation by an AFM across the whole cantilever

length. This was performed utilising the same theoretical InvOLS used previously in

the FDM to enable them to be comparable. The determined rotation (Fig. 4.32) was

then multiplied by this to produce the profile seen in Fig. 4.33.

This demonstrates that the AFM’s optical lever system will interpret this deflection

completely differently to the actual cantilever displacement. Therefore, if the optical
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FIGURE 4.31: FEA - Flat SThM Cantilever Thermal Bending with Roller Tip
BC Deflection Profile
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FIGURE 4.32: FEA - Flat SThM Cantilever Thermal Bending with Roller Tip
BC Rotation Profile

lever laser is focused between the base and 89 µm (or less than 59.3 %) along the

cantilever, the deflection will be negative. However, if it is focused 89 µm or 59.3

% along the cantilever, it will output zero interpreted deflection. Positioned further

along, a positive deflection will be measured that again will be of a lower magnitude

to that seen for OC thermal bending with a peak of 35.5 nm/K. This strongly indicates

that contact mode scanning generally will be less prone to thermal bending deflection
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FIGURE 4.33: FEA - Theoretical AFM Interpretation According to FDM The-
oretical InvOLS

from the cantilever and so associated topographic artefacts and drift. However, this

deflection can be positive, negative or zero in magnitude making it far more variable

in direction. If this model is correct, then this provides a whole new perspective of

thermal bending for contact mode scanning (i.e. the most common scanning mode

for SThM). With this said, even though less or even negligible deflection may be mea-

sured when IC, thermal bending will still generate a resultant force at the tip due to

temperature change. For SThM, when temperature increases it will deflect away from

the sample while for most other AFM cantilever’s with metallisation on the opposite

side, this will be towards it. This could then exceed the adhesion forces if the differ-

ence between interpreted and actual tip force is greater during scanning that could

result in loss of contact with the sample. Oppositely, indentation of the sample surface

could also occur which could damage surfaces and cantilever tips.

With a good theoretical understanding of uniform temperature induced thermal

bending, the same should be explored for the specific case of self-heating in SThM

cantilevers as was performed for OC. However, the specific temperature distribution

from self-heating was more challenging to be imparted in FEA. To achieve this, instead

of 3D stress elements, coupled temperature-displacement elements were required to
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enable a complex distribution to be generated along and across the cantilever struc-

ture. Therefore, a temperature distribution could be imparted through temperature

BC’s applied to the model. However, to enable this, the addition of three more prop-

erties were required: density, thermal conductivity and specific heat. These provided

the essential thermal properties for the temperature BC’s to produce the subsequent

diffusion of heat through the cantilever structure and so temperature distribution. Re-

garding the values for these properties, bulk values were utilised. The reason for this

as opposed to a comprehensive review of literature values was the desire to conform

it to R. Lambert’s already established FDM thermal models [141]. The latter has been

demonstrated to be a sound representation of SThM cantilevers and so to conform the

FEA’s temperature distribution to this and permit comparison to the self-heating mod-

elling performed already for OC was logical. Therefore, the FEA model was modified

to include additional BC’s along the cantilever length. These can be seen graphically

in Fig. 4.34 for a 0.5 mA current through the tip resistor that generated a peak tip

temperature of 10.41 K (an average tip sensor temperature of 8.09 K). A subsequent

temperature profile with these BCs can be seen in Fig. 4.35 that contrasts it to R. Lam-

bert’s thermal-resistive model.

0 K 1.25 K

2.59 K

3.68 K

10.41 K

FIGURE 4.34: FEA - Diagram of the Temperature BCs Imposed Along the
SThM Cantilever

DOCTORAL THESIS Christopher W. Mordue



Chapter 4. Mechanical & Thermal Bend Modelling of AFM Cantilevers 141

TABLE 4.9: FEA: Additional Self-Heating Material Properties

Material Properties SiNx [201] Au [202] Pd [203]

Density (kg/m3) 3250 19,300 12,000

Thermal Conductivity
(W/m◦C)

26 312 71.8

Specific Heat (J/kg◦C) 735 130 240

With such a good alignment of FEA’s temperature profile using BCs and bulk mag-

nitudes for the additional properties, it is clear the approach was sound. The bulk

properties that were employed are stated in Table 4.9 for clarity. Hence, taking this

temperature profile, a comparable IC thermal bend deflection profile could be gener-

ated in FEA. This can be seen in Fig. 4.36. As expected, a far lower deflection mag-

nitude to that produced from uniform, global temperature change was observed with

a peak -3.9 nm/K at 96.5 µm (64.3 %) along the cantilever. This can be contrasted

to the respective experiment along with the knowledge to inform the experimental

methodology.
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FIGURE 4.35: Longitudinal Temperatire Distributions for SThM Cantilever’s
for Self-Heating

To briefly sum up the above work on SThM cantilevers, a good theoretical appre-

ciation has been obtained for both OC and IC thermal bending. Specifically, FDM
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FIGURE 4.36: FEA - Self-Heating Induced IC Thermal Bending Vertical De-
flection

and FEA models have established clear profiles for EF and thermal bend induced de-

flection. These have been combined to provide a theoretical interpretation within an

AFM that highlights variable and erroneous measurement of thermal bending due to

the InvOLS. For example, a range of 105 nm/K to 200 nm/K occurred for flat SThM

cantilevers. In addition, analysis of grooved cantilevers highlights their ineffective-

ness at replicating the sandwich structure. This has been hypothesised as being due

to lateral stiffness and/or their lack of slender nature where improvements to cur-

rent fabricated cantilevers likely from simple stiffening. However, for non-grooved

cantilevers that are brought IC, these models predict a bridge like behaviour when ex-

posed to temperature change. As a result, a humped form occurs that causes a massive

shift in AFM’s theoretical interpretation. This suggests that the deflection direction in-

terpreted by the AFM will change along the cantilever with a point of inflexion near

mid-way along. With all of this performed for SThM cantilevers, the next step in-

volved exploring whether similar findings can be found in non-thermal, bi-material

AFM cantilevers.
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4.2 Non-Thermal AFM Cantilever Modelling

Non-grooved SThM cantilevers are relatively similar to other AFM cantilevers due to

their flat cross-section and multi-material make-up. However, there are some differ-

ences with the main one being the patterning of the reflective coating. For SThM, this

pattern produces a variable width across the cantilevers (as seen in Fig. 4.1), while

for most non-thermal AFM cantilevers it is uniformly coated over the whole struc-

ture. Moreover, the coating for SThM cantilevers is deposited on the underside as

opposed to the topside for typical non-thermal AFM cantilevers. This will manifest as

the opposite direction in the vertical deflection for the same temperature change, i.e.

negative deflection for temperature increase when on the topside. Therefore, these dif-

ferences will have an effect, notably the change in direction, but the general behaviour

is completely translatable. In the theme of the project, this was initially investigated

through modelling. Both FDM and FEA methods were employed for a comprehensive

theoretical appreciation. The probes chosen where other contact AFM cantilevers to

additionally explore their IC thermal bend behaviour that has been unexplored within

the academic community thus far. Hence, the probes and their manufacture details are

listed in Table 4.10, whereby a non-metallised (blank) SThM cantilever was addition-

ally analysed to provide a zero thermal bend reference. Images of these cantilevers as

fabricated can also be seen in Fig. 4.37 for a clear depiction of their structure. It should

be noted that the Blank SThM cantilever had a chrome etch to remove the metal. How-

ever, in the region where there is designed overlap of the Au and Pd tip, some of the

latter remained as it is underneath the Au. This was not reflected in the theoretical

models where there was no metal in the model.

4.2.1 Out-of-Contact

With the nominal cantilever geometry established, the FDM Model was employed to

produce their respective vertical deflections, rotations and theoretical AFM interpreta-

tions when the tip was OC. The same property values determined for SThM materials

were utilised in these models in the absence of knowledge regarding the exact fabri-

cation techniques employed to manufacture the cantilevers. Therefore, these model
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results may not produce accurate absolute magnitudes, but should provide a reason-

able relative depiction. Furthermore, the structures were assumed Thin-Beams (i.e.

TABLE 4.10: Non-Thermal AFM Probe Details

Probe Spring
Constant
(N/m)

Shape Material(s) Geometry
[L x w x t]
(µm)

Manufacturer

MLCT-B
[204]

0.02 Rectangular SiNx + Au 210x20x0.55
(tAu =
0.045)

Bruker

MLCT-C
[204]

0.01 Triangular/A-
Shaped

SiNx + Au 310x20x0.55
(tAu =
0.045)

Bruker

PNP-
DB-
100µm
[205]

0.48 Rectangular SiNx + Au 100x40x0.5
(tAu = 0.07)

Nanoworld

Blank
SThM

<0.5/0.3
/0.25

Rectangular
+ Taper

SiNx 150x120x0.55 AFM &
Hyper-
lithogra-
phy Group

PNP-DB-100µmMLCT-B

MLCT-C

Blank
SThM

FIGURE 4.37: Optical Images of Non-Thermal AFM Cantilevers
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no Effective Modulus employed) due to the relatively thin coating to the substrates

for each cantilever. With the above in mind, each of the vertical deflection, rotation

and interpreted tip profiles are shown and described under their respective title. The

profiles are shown in Figures 4.38, 4.39 and 4.40 for 1 nN and 1 K worth of EF and tem-

perature change for thermal bending respectively. The latter is not shown for Blank-

SThM probes as this is zero for both the vertical deflection and rotation resulting in

zero interpreted deflection as well. Each set of profiles are hence shown and described

under their respective title.
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FIGURE 4.38: FDM OC - Non-Thermal Cantilevers Vertical Deflection Pro-
files

Vertical Deflection

The vertical deflection profiles in Fig. 4.38 immediately shows the side of metallisa-

tion through the negative thermal bend directions shown (i.e. topside metal location).

The MLCT cantilevers overlap in their deflection behaviour due to them possessing

the same materials and respective thicknesses (as noted in Table 4.10). The PNP-DB-

100µm cantilever produces greater deflection magnitude over the same length due

to its greater coating thickness, but as it is shorter, its final tip deflection magnitude

of -41.1 nm/K is less than that of -81.2 nm/K and -176.9 nm/K for MLCT-B and C

respectively. Moving towards the EF deflections, the MLCT cantilevers are far more

compliant than the PNP-DB-100µm cantilever due to them being longer, narrower and
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having a thinner Au coating. As a result the FDM models predict spring constants of

0.0177 N/m, 0.0118 N/m and 0.285 N/m for the MLCT-B, MLCT-C and PNP-DB-

100µm respectively. These are of a similar magnitude as those demonstrated in Table

4.10 apart from the PNP-DB-100µm’s being lower than expected from the manufac-

turer’s nominal value. However, it was observed that the PNP-DB-100µm cantilever

has a wide section at its base that should contribute to its EF and thermal bend be-

haviour. As a result, this is considered in the models causing it to be approximately 21

µm longer (measured through the previously employed Bruker Contour GT-X 3D Op-

tical Microscope) than that stated for the nominal value in Table 4.10 from NanoWorld

[205]. Hence, this could explain the discrepancy if their spring constant measurement

did not appreciate this section.
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FIGURE 4.39: FDM OC - Non-Thermal Cantilevers Rotation Profiles

Rotation

Focusing initially on the thermal bend induced rotation profiles in Fig. 4.39 for each

cantilever, a constant gradient was produced. This is due to the substrate and coating

having equal widths and therefore the generated Bending Moment across the lengths

are equal and constant. The difference in gradients between the MLCT and PNP-DB-

100µm probes is due to the difference in the substrate and coating thicknesses. For

the EF rotation profiles, these demonstrate the expected reduction in rotation towards
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the tip where the force is applied. This is due to the moment arm from the tip force

reducing the closer the point along the cantilever is to it.
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FIGURE 4.40: FDM OC - Non-Thermal Cantilevers Theoretical AFM Inter-
pretation Profiles

Theoretical AFM Interpretation

Only the thermal bend interpretation is shown in Fig. 4.40 due to the EF producing

a constant deflection across the length that abides to the tip deflection shown in the

vertical deflection graph (Fig. 4.38). Hence, analysing the thermal bend profiles, they

show that MLCT cantilevers produce the same general trend with MLCT-C produc-

ing a greater expected deflection due to its longer and so less stiff nature resulting in

a larger tip deflection which is translated in the interpreted deflection. The PNP-DB-

100µm cantilever shows a more complex form due to its wide base section. However,

as the section is so wide, it may not conform to the Thin-Beam analysis method and so

the interpretation in this location should be taken with notable degree of uncertainty

alongside its immediacy to the probe chip. With this said, the main body of the can-

tilever should be more predictable, whereby this demonstrates a similar trend to that

of the MLCT cantilevers of increased negative deflection further along the cantilever.

This deflection is lower than the MLCT cantilevers due to its shorter, wider, thicker

and hence stiffer construction resulting in lower interpreted tip deflection. One key

aspect to extract for all of these cantilevers is that the interpreted deflection is variable
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across them all. This explicitly demonstrates that theoretically AFM’s interpretation of

thermal bending is inaccurate, whereby in the absence of strict laser location control,

it will vary between each set of scans where a laser re-alignment is performed. This is

similar to the flat SThM cantilever analysed in previous sections.

4.2.2 In-Contact

With the OC behaviour established, the IC behaviour needed to be theoretically appre-

ciated. This utilised FEA with the same elements and mesh strategy as that employed

for SThM cantilevers in Section 4.1. Furthermore, the properties previous employed

in the OC modelling was used for consistency. The thermal bend induced deflection

profiles are shown in Fig. 4.41 followed by the rotation and theoretical AFM interpre-

tation in Fig. 4.42 and Fig. 4.43 respectively. These are analysed under their respective

titles below.
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FIGURE 4.41: FEA IC - Non-Thermal Cantilevers Vertical Deflection

Vertical Deflection

The three metallised cantilevers all show in Fig. 4.41 a similar humped profile when

a Roller contact was imparted at their tip. This is very similar to that seen in Fig. 4.32

for flat SThM cantilevers, but in the opposite direction due to the metal location on the

top-side. From these, a similar trend to the IC vertical deflection profiles was seen with
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the MLCT-C cantilever demonstrating the largest deflection (15 nm/K) followed by

MLCT-B (5.9 nm/K) and PNP-DB-100µm (3.3 nm/K). Furthermore, although not clear

due to the varying cantilever length, each has their peak or POI at very similar relative

positions. The MLCT-B and C have their 67 % along while the PNP-DB-100µm 60 %.

This disparity is likely due to the latter having a very wide base relative to the rest

of the cantilever causing it to shift further towards it. The Blank SThM demonstrated

negligible deflection with it being slightly positive until the tip’s base 144 µm along

where it then decreases towards zero.
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FIGURE 4.42: FEA IC - Non-Thermal Cantilevers Rotation

Rotation

Initially, the effect of the wide-base on PNP-DB-100µm’s cantilever is quite apparent

in Fig. 4.42, with it causing it to arc upward in a position closer to the base. This is

less consistent than the other profiles due to this sudden change in width which the

MLCT-B and MLCT-C do not exhibit. Therefore, this highlights the shifting of the

behaviour further towards the base which aligns to what was previously articulated

in the vertical deflection’s POI. Analysing the MLCT-B and MLCT-C profiles, they

are far more consistent in their trend with a clear second order relation shown. This

is interesting as without tip fixation, thermal bending generates a linear relation for

rotation along the cantilever and so a single order increase in the governing relation
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has occurred. For the Blank SThM cantilever it is very flat which reflects the vertical

deflection graph.
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FIGURE 4.43: FEA IC - Non-Thermal Cantilevers Theoretical AFM Interpre-
tation

Theoretical AFM Interpretation

Analysing the interpreted profiles in Fig. 4.43, the MLCT-B and MLCT-C show similar

shaped profiles with the latter having a greater deflection magnitude for each posi-

tion along its length. This starts positive and then goes negative in accordance to the

POI. At the base, a spurious interpretation occurs while a couple of microns beyond

this more sensible values are obtained due to the InvOLS. For the MLCT-C this ranges

from 300 nm/K to -66 nm/K while for the MLCT-B 100 nm/K to -27 nm/K. It should

be noted that the FDM’s theoretical InvOLS was utilised to be consistent and more

comparable with the OC graphs as was performed for the flat SThM cantilever. Mov-

ing towards the PNP-DB-100µm cantilever, this demonstrated a short hump upward

peaking at around 104 nm/K due to the base section. It subsequently drops down

suddenly along the main body of the cantilever which then outputs a similar relation

to the MLCT cantilevers and a tip value of -10 nm/K. This highlights that the base

section should manifest quite differently in experiments, but still show a logical be-

haviour along the main cantilever body. The Blank SThM cantilever is logically low,
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however, it is above zero until the base of the tip with a value around 0.004 nm/K for

the vast majority of its length.

Overall, a good theoretical appreciation has been obtained for non-thermal AFM

cantilevers. OC and IC thermal bend profiles show sensible quantification which

demonstrate a similar trend to flat SThM cantilevers. Moreover, AFM’s theoretical

interpretation of them has similarly been predicted to be variable and erroneous. This

reinforces that all these bi-material cantilevers have very similar thermal bending with

IC in particularly showing a humped deflection profile. With this theoretical base, ex-

perimentation was carried out to verify and contrast to these findings.

DOCTORAL THESIS Christopher W. Mordue



Chapter 5. Experimental Quantification of Thermal Bending in AFM Cantilevers 152

5. Experimental Quantification of Ther-

mal Bending in AFM Cantilevers

With comprehensive theoretical work performed, the next step was to obtain real-

world figures for comparison to these models. This aimed to provide verification

of the model’s results and conclusions along with measuring the impact of thermal

bending in AFM’s measured deflection and topography. This involved direct vertical

deflection measurement of thermal bending alongside AFM’s interpretation of SThM

and non-thermal AFM cantilevers. From this, conclusions could be drawn for OC

and IC thermal bending with a simple solution proposed to mitigate the latter. Ini-

tial measurements employed SThM cantilevers to make use of their tip temperature

measurement and establish a sound experimental quantification of thermal bending.

Once performed, non-thermal AFM cantilevers were investigated by using the same

approaches.

5.1 SThM Cantilevers

This section is structured similarly to Chapter 4, with SThM cantilevers analysed for

their OC and IC thermal bend behaviour separately. Within each, an initial set of

experiment(s) to directly measure vertical deflection induced by thermal bending is

detailed followed by the AFM’s interpretation.

5.1.1 Out-of-Contact

The first port of call was to measure the vertical deflection from thermal bending, for

both flat and grooved cantilevers. The former was investigated in accordance to the
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Research Method for the first experiment described in Section 3.2.2.1 and is expanded

below.

5.1.1.1 Direct Deflection Quantification

In this experiment, an Interferometer (Bruker Contour GT-X 3D Optical Microscope)

was employed with a Peltier heater on the stage to generate a uniform temperature

change to the cantilever. This involved increasing the Peltier voltage in 0.5 V incre-

ments that produced a temperature change due to the thermoelectric effect. For each

increment, the probe was allowed to reach a steady-state temperature (typically tak-

ing 2-3 minutes) and 3D topographic images of the cantilever were taken using the

Interferometer. This was performed over 15 different temperature’s that enabled a

statically sound temperature-deflection relation to be drawn. A position as far along

the cantilever length that was not prone to imaging artefacts was chosen. This was to

provide the highest SNR for the deflection measurements and appreciate the longest

possible length of the cantilever. The latter of which would allow the maximum mod-

elled length to be contrasted to real-world cantilevers and so test its simulation as

much as possible. As a result, the deflection was taken 133 µm along the cantilever,

as highlighted in Fig. 5.1. When measured in-conjunction with the tip temperature,

Length
(µm)

0306090120

133

FIGURE 5.1: Interferometer Image of a Flat SThM Cantilever with Annotated
Scale Bar

the trend seen in Figure 5.2 was generated and plotted alongside the FDM and FEA

models deflection outputs for an uniform temperature change. The experimental data

DOCTORAL THESIS Christopher W. Mordue



Chapter 5. Experimental Quantification of Thermal Bending in AFM Cantilevers 154

y = 0.141x - 0.105
R² = 0.998 y = 0.128x

y = 0.121x

0

1

2

3

4

5

6

7

8

0 10 20 30 40 50 60

Ve
rt

ic
al

 D
ef

le
ct

io
n 

(μ
m

)

Temperature Change (K)

Experiment

FDM Model

FEA Model

FIGURE 5.2: Flat SThM Cantilever’s Uniform Temperature Induced Thermal
Deflection 133 µm Along

demonstrates a significant deflection gradient of 0.141 µm/K at 133 µm along the can-

tilever. This is an appreciable deflection gradient and so reiterates the general obser-

vation of thermal bending’s pronounced effect on SThM cantilevers. Contrasting this

to the models output, a sound correlation is seen with the FDM and FEA outputting

gradients of 0.128 µm/K and 0.121 µm/K respectively. This is notably less than mea-

sured, but considering the probable variation in SiNx thickness and literature defined

material properties utilised in the models, it is a reasonable agreement. Alongside

this, the experiment verifies the strong linear relationship temperature has with ver-

tical deflection, even for a significant temperature range of 53 ◦C from ambient. As

a result, it can be concluded any complex thermo-mechanical effects such as temper-

ature changing the materials Young’s Moduli do not need to be appreciated for this

or any temperature range equal or less in future experiments. However, the above

only compared one point along the cantilever length and not the whole thermal bend

induced deflection profile (i.e. along the full cantilever length as demonstrated by the

scale bar seen in Fig. 5.1). Due to the Interferometer producing 3D images, this was

possible and a comparison is shown in Fig. 5.3 for another SThM cantilever.

In this case, the experimental data shows a very similar relative change in deflec-

tion along the cantilever when compared to models, demonstrating a clear second

order relationship that was expected theoretically from Equation 3.9. Proof of this was
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FIGURE 5.3: Flat SThM Cantilever’s Uniform Temperature Thermal Bend
Deflection Profile

key for the model to provide a good theoretical representation and subsequently be

utilised further in this work. However, there is a notable difference in magnitude with

experimental data demonstrating greater deflection than the models. This could be

initially interpreted as the models under-representing the cantilever deflection. How-

ever, from extensive experiments performed in this body of work on SThM cantilevers,

variation in the magnitude thermal bending was seen. For example 90 µm along flat

SThM cantilevers deflection produced gradients from 52-77 nm/K (FDM producing 55

nm/K) for a uniform temperature change and the same experimental set-up. There-

fore, with this range of 25 nm/K and the model’s output sitting within this range, it

is fair to say the prediction is accurate with such variation. Furthermore, this data

emphasises that no matter how perfect the model, real-world SThM cantilevers can

be notably inconsistent and so the desire for an exact match between models and ex-

periment is not probable or required. Hence, with this sound agreement in deflection

gradients and most importantly profiles, conclusions based upon the models should

be translatable to real-world flat SThM cantilevers regarding thermal bending when

OC. In addition, the models (especially the FDM with its flexibility) can be used as

design tools and to model other types of cantilevers such as non-thermal cantilevers

(experimental results of which are contrasted to models later in Section 5.2).
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With the above determined for flat SThM cantilevers, it was additionally desired

to replicate the result for grooved SThM cantilevers to similarly provide verification

and contrast to the models generated. The same method was employed, but with

measurements taken at a longitudinal position of 75 µm so that the prismatic grooved

structure was isolated (dimensions changing beyond 80 µm along the cantilever) in

the analysis to allow easy comparison to models. These results can be seen in Fig.

5.4 where the models are based upon the nominal grooved cantilever dimensions of

commercial cantilevers (groove depth equalling 350 nm).
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FIGURE 5.4: Grooved SThM Cantilever’s Thermal Deflection Gradient’s at
75 µm Along

As it can be seen, the deflection gradients exhibited in the experiment far exceed

what the structural compensation concept and FDM model would suggest. The latter

of which still predicted some degree of defection due to the 350 nm nominal groove

depth not being deep enough for the ideal near zero deflection to occur. However, the

real-world cantilever showed far better agreement with FEA’s results with the exper-

iment gradient coming in-between its central and edge deflections. This is logical as

the lateral position the deflection measurements were taken from in the experiment

were off-centre and along the Au for sound reflection as required by measurement

using the Interferometer. These FEA results were taken from a cantilever 75 µm long

and as highlighted in the groove length study, this may output greater deflections than

would be expected if the cantilever were longer. However, the groove needs to much

DOCTORAL THESIS Christopher W. Mordue



Chapter 5. Experimental Quantification of Thermal Bending in AFM Cantilevers 157

longer for this effect to be pronounced as opposed to the 120 µm in this case. With

this noted, the FEA outputted range still encompasses the experimentally determined

gradient. Therefore, the above supports the conclusion that the current grooved can-

tilever’s do not produce the desired effect from the original design implementation of

the structural compensation concept. This is likely a combination of the groove being

too shallow and the groove portion of the cantilever being too short for the effect to

even come into prominence. Hence, the increase in stiffness with the groove is likely

providing the most significant impact between the grooved and flat SThM cantilevers.

This is demonstrated in the mechanical analysis for the second moment of area of flat

and grooved cantilevers in Section 4.1.3.2. Contrasting the second moment of area of

a flat cantilever to a grooved one with a thickness and depth of 350 nm, a very similar

change in the inverse of the second moment of area with deflection occurs. A reduc-

tion of 54 % in the former is determined, where I350nmgroove, 350nmSiNx = 1.740x10−24 m4,

which is similar to the 56 % reduction seen 75 µm along the flat to the grooved can-

tilevers seen in Fig. 5.3 & 5.4. With all of this in mind, the experimental data aligns

with the representation and conclusions of the modelling work and explains why cur-

rent grooved cantilevers do not provide the desired thermal bend attenuation.

Overall, a direct measurement of real-world SThM cantilevers was performed that

showed good agreement in magnitude and trend to models. However, the interaction

between the Mechanical and thermal bend components of the models was required to

be contrasted with experiments to determine AFM’s interpretation of thermal bend-

ing. This is explored in the proceeding section, whereby only flat SThM cantilevers

were explored due to their ubiquitous use, grooved cantilever’s lack of efficacy and

their greater applicability to other non-thermal AFM cantilevers due to their similar

cross-section.

5.1.1.2 AFM Interpretation Experiments

To determine the interpretation of the above uniform temperature change induced

Bending in an AFM, again a Peltier heater was employed to change the cantilever

temperature with the SThM providing its measurement. Based upon Section 3.2.2.2’s

defined method, the same vertical position of the cantilever over the Peltier heater’s

hot surface was possible with a consistent 4 mm spacer between the probe holder and
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heater surface (resulting in less than 3 mm gap between tip and Peltier surface). This

enabled a near uniform temperature distribution across the cantilever and so a com-

parable heat transfer condition to the direct deflection measurement employing the

Interferometer to that measured by an AFM system (Digital Instruments Dimensions

3100). Figures depicting these set-ups are shown in Fig. 3.12. This was broken down

into two different experiments to link the Interferometer and AFM results alongside

the model’s. The first experiment aimed to show alignment of the AFM, Interferom-

etry and model results at a single point along a flat SThM cantilever. With proof that

all three are measuring the same thermal bending, the second aimed to demonstrate

AFM’s interpreted profile of the bend.

1st Experiment:

Both the Interferometer and AFM were utilised as the connection between their mea-

surements needed to be established alongside the FDM model. For each technique, the

cantilever was under the same mechanical conditions and the same relative position

to the Peltier heater. Therefore, they had very similar heat transfer conditions allow-

ing for comparison. Alongside this, as mentioned in the Section 3.2.2.2, tip-up and

tip-down orientations of the cantilever were additionally measured in the Interferom-

eter to prove there was no difference in the deflection interpretation between the two.

If correct, this means they can be definitively contrasted to the AFM’s measurements,

where the method of linking the two was only required. This was needed due to the

AFM outputting tip deflection while in the Interferometer deflection is taken from a

position on the cantilever with the tip unable to be directly imaged. The latter is due to

the tip’s 54.7 ◦ angle being too large from the imaging plane (as seen in Fig. 3.10). As a

result, either the AFM needed to being converted to vertical deflection at the same po-

sition, or the Interferometer would be converted to the respective tip deflection from

an EF that the AFM measures. The latter was chosen as the Interferometer has been

shown to align well to theoretical models from the previous experiments. Therefore,

as the models were able to link rotation and vertical deflections from both EF and

thermal bending they could convert the Interferometry results to be compared to the

AFM’s. If these produced similar results, it would not only prove they are measuring

the same behaviour, but also bring confidence to the understanding of AFM’s optical
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lever system and model’s appreciation of this. To perform the conversion, the pre-

viously derived theoretical InvOLS from the FDM Model (seen in Chapter 4, Section

4.1.3.2) was employed. This allowed theoretical conversion of rotation to tip deflec-

tion according to an EF. Extracting the same longitudinal position in the model and

Interferometer image, the latter’s measurements could be converted. However, the

Interferometer outputs vertical deflection as opposed to rotation that the theoretical

InvOLS relates to. Therefore, either the whole longitudinal deflection profile is re-

quired to be taken and regression analysis employed to produce a trendline (at least

third order to account for the geometry changes with length for thermal bending) that

could then be differentiated for rotation, or a simple conversion using the FDM Model

for vertical deflection to rotation based upon their ratio at that position. The latter

was chosen as it was simpler and less prone to any profile artefacts that would effect

the regression analysis. Moreover, it would maintain just the FDM and Interferometry

having an influence on the result, as opposed to any other processing or mathematical

methods. Hence, the following equations would provide a conversion coefficient (cδ:θ)

of vertical deflection to rotation at the specific longitudinal position (x) alongside the

InvOLS and resultant interpreted tip deflection:

cδ:θ =
θx,Th
δx,Th

InvOLS =
δtip,EF
θx,EF

δtip,Int = δx,Int × cδ:θ × InvOLS

(5.1)

With the above, comparison was possible for both the tip-up and tip-down ori-

entations of the SThM cantilever in the Interferometer. Moreover, a 15 ◦ angle in the

FDM model for the InvOLS was applied to additionally account for the angling of

the cantilever when it was mounted in the AFM for a more accurate depiction of the

final tip deflection. A low range of temperature changes (6 K) was utilised due to

the AFM’s photodetector limits, whereby the Peltier voltage was changed in 0.4 V

increments up to 1.6 V. For each voltage change, up to 5 minutes was given for the

steady-state temperature to be reached before image/data acquisition. With the data

acquired, error bars where constructed for each experiment data point. The X-errors
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represent the min-max temperature during measurement, while the Y-errors were dif-

ferent for each measurement technique. For the AFM readings, the min-max InvOLS

acquired through the respective F-d curves was utilised while the Interferometer was

based upon the standard deviation for each image as six different extracted deflections

could be acquired making it statistically significant and providing a better represen-

tation of each point’s data spread. A TCR of 8.00x10−4 K−1 was determined for the

SThM cantilever employed (as per Section 3.2.1.2), permitting temperature measure-

ment. The results can be seen in Fig. 5.5.

FIGURE 5.5: AFM’s Interpretation of OC Thermal Bending - 1st Experiment

The first aspect to look at is the converted Interferometer results. Both the tip-

down and tip-up results show a good match. This provides confidence that both ori-

entations are measuring the same deflection and it is not being notably influenced by

factors such the light’s path of either reflecting directly off the Au or refracting and/or

reflecting off the more transparent SiNx. The Interferometer’s trendline also agrees

well with the FDM Model which indicates the vertical deflection data extracted and

converted is of a similar magnitude to the model’s. Comparing these to the AFM

data, a very similar gradient to both the FDM and Interferometer was produced. This

strongly supports the assertion that all three are quantifying the same phenomenon at
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a very similar magnitude and that the theoretical conversion is valid to AFM’s optical

lever system. Moreover, it indicates that the optical lever’s laser location technique

employed (measuring it through the AFM’s optical feed of the cantilever near a sur-

face) provides a good determination of its location. It should be noted that greater

variation was observed as is reflected in the error bars. This is a combination of greater

environmental perturbation (such as the strong laminar air flow in the facility and

greater user movement causing vibration) and DC oscillation in the SThM probe’s

temperature output (not typical of most SThM probes). The latter was exacerbated

by the environmental factors mentioned alongside electrical interference in the set-

up and potential sensor contamination. However, even with this in mind, the results

overall are still sound with statistically significant errors defined, providing greater

confidence on the final gradients and the quantification techniques.

2nd Experiment:

With the 1st experiment validating the link between the Interferometer and AFM read-

ings, the next step was to demonstrate the general link along flat SThM cantilevers by

obtaining their thermal bend deflection profile in an AFM system, as seen in Fig. 4.17.

As set-out in the Section 3.2.2.2, the above method for the AFM set-up was repeated

but with multiple optical lever laser positions along the cantilever length with the ther-

mal induced deflection gradients determined (as seen in the graphical insert in Fig.

5.6). These were then combined together to produce a profile. Specifically, only five

different longitudinal positions were taken to produce the profile due to limitations

in the spot centre measurement translation and accuracy from the cantilever optical

view. These were positioned evenly along the length within the limits of the AFM

laser positioning system. The thermal bend deflection gradients were obtained from

five separate temperature changes induced by 0.1 V increments from the Peltier heater

with the photodetector’s vertical voltage noted after a steady-state time of around 5

minutes. With this data, linear regression analysis was employed to produce the sub-

sequent gradients. The results of which can be seen in Fig. 5.6, whereby the relation

predicted by the FDM model is contrasted to this. The experimental data had X-errors

equal to ±5 µm that represent the radius of the laser spot and so provide the degree

of uncertainty of its measurement. The Y-errors were constructed from addition of the
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relative error from the standard deviation of the InvOLS (determined from five F-d

curves) and the linear regression analysis that deduced the gradients.

FIGURE 5.6: AFM’s Interpretation Profile of OC Thermal Bending - 2nd Ex-
periment with Graphic Depiction of Optical Lever Laser

Analysing this, a comparable relation to that determined theoretically was pro-

duced. A flatter and more linear behaviour up-to 80 µm along the cantilever was

observed with it then non-linearly increasing towards the tip. The exact magnitude

shown in the experiment is greater than that determined theoretically. However, this

is not drastically larger and well within the same order of magnitude. The difference

for which can be explained through differences in material property values such as

Young’s Modulus and/or CTE. With the tangential nature of thermal bend’s rotation

being interpreted through the expected rotation and tip deflection from an EF, the gen-

eral similarity in their shape and magnitude is impressive. In addition, regardless of

the absolute comparison to the FDM model, it is consistent with the basic conclusion

of AFM’s interpretation being erroneous and variable (up to 250 % according to the

experiment) for OC thermal bending. As a result, during any measurement of thermal

bend’s induced deflection in an AFM system, the laser location should be specified.

This is clearly the case for SThM, with non-thermal AFM cantilevers being explored

later on, but their previous modelling results strongly suggest a similar conclusion.
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5.1.2 In-Contact

With OC thermal bending experimentally explored and contrasted theoretically, the

same was performed for IC. As mentioned, when a tip is brought IC, a change in

the mechanical BC appears to occur. Therefore, thermal bending should manifest dif-

ferently with this additional mechanical constraint. However, this has not been ex-

perimentally verified within the academic community. This may be partly explained

by the challenging nature of measuring this as any surface displacements induced

from temperature change will contribute to cantilever deflection. Hence, isolated heat

sources on or immediate to the cantilever are required. For this, SThM’s self-heating

capability provided the ideal experimental stimulus as it would provide a low energy,

cantilever specific temperature change. The vertical deflection could then be directly

measured through the Interferometer and/or an AFM system to elaborate its inter-

pretation. However, this is a SThM specific temperature change and is not possible

for non-thermal AFM cantilevers. As a result, a thermally isolated microheater was

utilised in a subsequent experiment. Both of these experiments are described in the

following sections.

5.1.2.1 Self-Heating Experiment

The experiment was performed according to Section 3.2.3.1, whereby a self-heating

induced thermal bend profile was generated. Similar to the previous experiment, this

was produced by obtaining the thermal bend gradients at various longitudinal loca-

tions and plotting them on a single graph. Both the Interferometer and AFM were em-

ployed, with the OC profiles extracted alongside that of the IC to provide a reference

as this type of temperature change and induced deflection had not been characterised

before. Moreover, the previously described cycling from zero to the maximum safe

current for self-heating in Section 3.2.3.1 was employed to minimise drift and SNR

issues. This was performed more than five times to obtain gradients of statistical sig-

nificance and allow for the determination of standard deviation for their Y-errors. The

latter was the lone contributor for the Interferometry results while the InvOLS stan-

dard deviation was additionally determined for the AFM results with them combined

through addition of their relative error (as utilised in Fig. 5.5). Furthermore, the same
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±5 µm X-error in the AFM data was employed for the laser’s longitudinal location

uncertainty. As a result, the following profiles seen in Fig. 5.7 & 5.8 for the Interferom-

eter and AFM respectively is shown for a SThM cantilever with a TCR of 7.33 x10−4

K−1. Third and second order polynomial trendlines were additionally employed in

the Interferometer and AFM profiles respectively. The former was due to the limited

number of laser positions that could be obtained in the AFM and so for a like-for-like

comparison the same positions were taken in the Interferometer. For the AFM, due

to its complex tip-interpreted deflection, a simple second order polynomial was ap-

propriate to simply guide the eye and provide a general form across the cantilever

length.

-8

-6

-4

-2

0

2

4

6

8

10

12

0 20 40 60 80 100 120 140

Ve
rt

ic
al

 D
ef

le
ct

io
n 

(n
m

/K
)

Longitudinal Position (μm)

OC

IC

FIGURE 5.7: SThM Self-Heating Experiment - Interferometer OC & IC De-
flection Profiles

Focusing initially on Fig. 5.7 for the Interferometry results, the errors seen in the

IC results in contrast to those from OC should be first examined. This was due to any

instability in the linear translation stage and contact surface causing a change in the

tip force and so greater uncertainty. However, with 24 data points contributing to each

point’s gradient, there is statistical confidence in the results. With this accounted for,

the OC deflection is one that partially mirrors what has been seen before for uniform

temperature change with it increasing towards the tip. However, the absolute magni-

tude is far less with a peak result of 5.2 nm/K 120 µm along the cantilever (uniform
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temperature change producing around 100 nm/K). Moreover, far less deflection oc-

curs at the base. This is due to the tip increasing in temperature more than the rest

of the cantilever and as the temperature is measured at this location, a lower subse-

quent deflection-temperature gradient will be produced, especially nearer the base. A

theoretical appreciation of this is possible from the thermal resistive model previously

employed as seen in Fig. 4.35. With this reference, the IC behaviour shows a vastly

different profile that strongly indicates that the tip’s contact is imparting a change in

its mechanical BC and so the cantilever’s thermal bending behaviour. A humped type

profile is shown with an initial negative direction and deflection magnitude at a posi-

tion around 100 µm where its rotation changes (POI) resulting in an increase towards

zero at the tip. Comparing this to the self-heating models for IC thermal bending seen

in Fig. 4.36, it agrees well with the general shape with a similar POI position along-

side a comparable magnitude with the experiment showing a peak of -4.5 nm/K and

the model -4 nm/K. Overall, it provides compelling experimental evidence of what

was demonstrated theoretically; that tip contact changes the manifestation of thermal

bending.
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FIGURE 5.8: Self-Heating Experiment - AFM OC & IC Deflection Profiles

Moving towards the AFM results in Fig. 5.8, it further backs-up the Interferom-

eter’s profiles. From the same cantilever, OC demonstrates a reasonable deflection
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profile and magnitude that is greater than the respective positions in the Interferome-

ter profile. However, this is significantly less than would be expected from a uniform

temperature change (seen in Fig. 5.6) which fits in to the previous explanation. Mov-

ing towards the IC profile, initially it appears to have a very different profile to that

depicted in the models and from the Interferometer for vertical deflection. However,

understanding that the AFM’s optical lever system directly measures the cantilever’s

rotation, it makes sense. At around 95 µm along, there is a change in direction of the

vertical deflection interpreted. Towards the base the rotation is negative, while beyond

95 µm along it is positive. If this is rotation, the respective vertical deflection graph

should show a decreasing deflection up to 95 µm along, whereby beyond it should

then begin to increase and become less negative. This is exactly what was depicted by

the Interferometer and models. Therefore, it is displaying the same phenomenon and

supports the modelled IC thermal bending. Furthermore, it also conforms to the un-

derstanding of how an optical lever functions in an AFM. Even though this is a unique

heat transfer condition confined to SThM probes, the isolated and direct temperature

change of the cantilever means that the cantilever’s thermal bending was the only con-

tributor to the deflection measured beyond background vibration and noise. Hence,

this provides ideal experimental conditions allowing the conclusion that contact of the

tip changed its mechanical BC and so changed manifestation of thermal bending.

Before exploring the microheater experiment, the above also demonstrated what

was speculated in Section 4.1.3.3 for In-Contact thermal bending, that there is a laser

location where zero thermal deflection is measured. In the AFM experiment, not only

does the trendline cross the x-axis, but one of the data points very nearly hit this "sweet

spot" producing a value of -0.64 nm/K. This is around a tenth of the minimum and

maximum deflection magnitudes (-6.2 and 6.4 nm/K respectively) in the overall pro-

file. Moreover, if this is contrasted with the OC condition that is applicable to tap-

ping or non-contact AFM scanning modes, the maximum deflection of 20.6 nm/K is

around 33 times larger. Therefore, contact mode scanning presents an innate situa-

tion that renders measured thermal bending from AFM cantilever’s lower, offering

the possibility to negate it if the optical lever’s laser is placed in this ideal location. For

SThM cantilevers undergoing self-heating, this appears to be around 95-100 µm or
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63-66.7 % along according to the experimental data. Whether the same position is ob-

served from external heating more akin to global/uniform heating was subsequently

explored through employment of a microheater.

5.1.2.2 Microheater Experiment

A thermally isolated microheater was utilised as seen from the optical image in Fig.

3.14 and underneath the SThM cantilever in Fig. 5.9. This was employed with the

Dimension 3100 AFM, enabling two experiments to be performed: one static, as in the

previous experiments, and the other scanning in contact mode over the heater. Re-

garding the initial static experiment, the SThM cantilever was positioned over the mi-

croheater while making contact with the thermally isolated Si chip to prevent surface

displacement effecting the cantilever deflection. An optical image of the cantilever in

this position can be seen in Fig. 5.9 alongside annotations of the five different longitu-

dinal laser locations used to generate the profile.

FIGURE 5.9: Microheater Experiment - Flat SThM Cantilever With Anotated
Laser Locations

Following Section 3.2.3’s described zero-ing technique between temperature changes

that reduced the effects of systematic drift and maximised the experiment’s SNR, the

temperature-deflection gradients at each laser location where measured and a pro-

file produced. Specifically, around 1.5 mW power was input into the microheater to
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induce temperature increase with 16 measurements taken for each gradient determi-

nation (using linear regression analysis). As was the case for the self-heating exper-

iment, both the OC and IC profiles were taken due to the microheater’s unique im-

parted temperature distribution on the SThM cantilever requiring an OC reference for

the IC profile. The result of which can be seen in Fig. 5.10, whereby the same SThM

probe employed in the self-heating experiment was utilised. This approach aimed to

provide greater confidence when contrasting the two. The X-errors were constructed

from the previously defined error for the longitudinal laser location of 5 µm, while the

Y-errors were determined from the combined standard deviations from the InvOLS

and linear regression determined thermal bend gradients through relative addition.

A second order polynomial trendline was imparted to guide the eye, as performed in

Fig. 5.8, due to AFM’s complex overlayed interpretation.
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FIGURE 5.10: Microheater Experiment - Flat SThM OC & IC Deflection
Profiles

Focusing on the OC profile initially, a deflection increasing towards the tip oc-

curred with a measured range of 20-185 nm/K from base to tip positions. The general

deflection of which is less than that imparted uniformly from the Pelteir heater due

to the microheater only heating the portion of the cantilever directly over the heater.

In this case it was over the centre of the cantilever as seen in Fig. 5.9. Moreover, the

probe’s main chip and its tip’s contact to the microheater’s Si chip acted as heatsinks
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resulting in the base and tip changing by a lower temperature than the rest of the can-

tilever. Therefore, less thermal bend induced deflection will have occurred in these

regions. Moving towards the IC profile, a negative (-56 nm/K) to positive (65 nm/K)

deflection measurement was seen as the laser was translated along the cantilever. This

was of a greater magnitude than seen from self-heating and less than the FEA model

undergoing an uniform temperature change. This aligns with the known heat trans-

fer and boundary conditions that the OC deflection profile additionally supports. The

cross-over or the point there is a change in interpreted deflection direction was slightly

different to that from the self-heating with it occurring around 90 µm (60 %) along the

cantilever. Although not a large change, this is closer to that of the FEA Model’s POI

location for uniform heating. This suggests that the concentrated heat increase at the

tip in the self-heating experiment shifted the POI towards the tip, while for more uni-

form heating it will be more central along the cantilever. As a result, it clearly demon-

strates that external heating can induce this humped thermal bend profile when IC

and so providing further evidence that the tip BC changes with contact and is re-

stricted to some degree. Moreover, it again shows there is a longitudinal laser position

that exhibits insensitivity to thermal bending. Overall, this further cements the previ-

ous conclusions of a simple solution to dramatically mitigate thermal bend’s influence

on contact scanning with SThM and possible all bi-material AFM cantilevers.

With the above static experiment performed, a measurement of the actual impact

of thermal bending on topography and AFM’s feedback system in a scan was per-

formed. This was accomplished through a lateral 100 µm line scan in the region that

can be seen from the X-X line annotated on Fig. 3.14 that is repeated in Fig. 5.11 for

convenience and clarity. With tip contact on the Si immediately above the microheater,

translation would bring the cantilever body (not tip) over the microheater and the un-

heated Si chip. Therefore, along the scan it would experience a temperature change

due to air conduction with the microheater. Moreover, as the tip is making contact over

the Si chip that will experience negligible temperature change and surface expansion,

there will be minimal interference and so isolated cantilever thermal bending will oc-

cur. The line scan was performed at a rate of 0.2 Hz to ensure enough time for the

cantilever to change temperature as it translated across the microheater. With these

conditions, three different optical lever laser locations at the base, middle/60 % and
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FIGURE 5.11: Image of Microheater Fabricated by P. S. Dobson et al [153],
whereby line scans were performed along the X-X line

tip were utilised. Each one provided a depiction of the key regions of IC thermal bend-

ing seen in the static experiments. The powered (1.44 mW) and un-powered scans for

each of these were then subtracted. This subsequently produced the line scans seen in

Fig. 5.13 along with the measured tip temperature change in Fig. 5.12.
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FIGURE 5.12: Microheater Experiment - Temperature Change Line Scans
Measured by the SThM Probe

In the line scans, the left side shows the region where the microheater was posi-

tioned underneath the SThM cantilever. Therefore, in this region the greatest temper-

ature increase occurred, as seen in Fig. 5.12, and therefore the influence of thermal
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FIGURE 5.13: Microheater Experiment - Topography Line Scans for a SThM
Probe

bending should be most pronounced. Each laser position undergoes very similar tip

temperature changes (around 1.5 K across the scan) and so the cantilever will have ex-

perienced the same thermal bending. However, analysing the topography line scans

(Fig. 5.13), the behaviour between each of the laser positions’ was starkly different.

The base laser position produced an increasingly negative output as it moved left to

the hotter region with it outputting a total change on -172 nm from left-to-right. How-

ever, for the tip laser position, the opposite was seen. As it moved left and heated up,

it produced an increasingly positive deflection for a maximum 154 nm increase. For

a central laser region around 60 % along the cantilever, far less deflection change was

measured of -25 nm. Each laser position’s deflection change mirrors that seen in the

preceding static IC experiments and provides clear evidence that during actual scan-

ning, this behaviour similarly occurs and is translated into the topographic output.

In addition, a marked reduction in the influence of thermal bending was seen with a

maximum reduction of 85.5 % from a more central/60 % laser position. Furthermore,

this may be able to be improved upon with this experiment indicating translation of

the laser further towards the tip should additional reduced thermal bend interpreta-

tion.

Overall, the above experiments provide explicit evidence that thermal bending in

SThM cantilevers produces erroneous and variable deflection in AFM’s interpretation
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of them. This occurs both when OC and IC, where the latter produces behaviour

closer resembling that of a bridge than a cantilever. However, this produces a unique

opportunity for significant reduction of thermal bending’s interpretation with a laser

spot region of insensitivity 60 % along the cantilever. Positioning the optical lever

laser at this location rendered both reduced deflection and topographic output due to

temperature change. SThM has provided the perfect vehicle for understanding and

depicting this, but whether the results are similar to that seen in other non-thermal,

bi-material AFM cantilevers was explored next.

5.2 Non-Thermal AFM Cantilevers

To investigate whether non-thermal, bi-material AFM cantilever exhibit the same or

similar behaviour to that seen in flat SThM cantilevers, four different cantilevers where

employed. These included MLCT-B, MLCT-C, PNP-DB-100µm and Blank-SThM. All

of which are contact mode AFM cantilevers with the former three being fabricated

commercially and constructed from a bi-material combination of SiNx and Au. The

Blank-SThM probe was utilised to act as a zero thermal bend reference as it had no

coating and was only constructed from SiNx. As a result, the OC and IC deflection

behaviours were quantified through utilising some of the experimental methods ex-

plored and employed above for SThM. Specifically, the 2nd AFM Interpretation ex-

periment for OC thermal bending in (Section 5.1.1.2) alongside the set of experiments

employing the microheater for OC and IC thermal bend determination were utilised.

5.2.1 Out-of-Contact

Employing the 2nd Experiment in the AFM Interpretation in Section 5.1.1.2, the same

method of quantifying the thermal bend induced deflection gradients along multiple

longitudinal locations was performed using both the Interferometer and AFM. This

produced profiles for each AFM cantilever using each technique, whereby the sam-

ple temperature was measured using a PT-100. As a result, this was not as accurate

as SThM’s cantilever tip temperature measurement previously utilised. However, it

still provided a consistent temperature measurement to enable thermal bend gradi-

ents and profiles to be constructed. A 2 mm spacer between the probe holder flat and
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Peltier surface (therefore cantilever tip and surface <2 mm) was utilised so each can-

tilever was in as similar a position as possible between their Interferometer and AFM

readings to make them comparable. The results can be seen below for the Interfer-

ometer and AFM in Fig. 5.14 & 5.15 respectively. The Y-errors employed are similar

to previous experiments of the standard deviation from the determined thermal bend

gradients.
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FIGURE 5.14: Non-Thermal AFM Cantilevers - OC Thermal Bend Deflection
Profiles Measured by an Interferometer

Focusing on the Interferometer results in Fig. 5.14, second order polynomial trend-

lines were superimposed due to the second order relation of thermal bending with

length. As a result, they produced accurate trends to the Interferometer’s data points

with the subsequent profiles aligning well with the shape and magnitude seen in the

modelled thermal bend behaviour for these cantilevers in Fig. 4.38. For example, the

MLCT-C cantilever 300 µm along produced a deflection of -156 nm/K from the exper-

iment where the FDM Model predicted -166 nm/K. Although this a very similar, this

slight difference will partly be due to the PT-100 measuring a higher temperature for

the determined deflection than the cantilever experiences due to its direct contact with

the Peltier surface. Alongside this, the models predicted an exact overlap of the MLCT

cantilevers due to their matching materials and thicknesses which the experiment has

captured exactly. For the PNP-DB-100µm cantilever, a similar deflection was observed
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to that seen in Fig. 4.38. However, this was slightly less (-47 nm/K at the tip) than the

model (-41 nm/K) which was different to the MLCT cantilevers. This was potentially

due to the thick pyrex block the cantilever was adhered to resulting in a closer prox-

imity of the cantilever to the Peltier surface alongside potentially greater difference

in material properties to those employed in the FDM model. Moreover, any varia-

tion in the actual material thicknesses from the nominal values utilised in the models

can potentially account for this. Moving to the Blank-SThM, a near zero deflection

profile was produced with slight variation due to simple measurement uncertainty

from noise and residual strain in the cantilever that may have produced some lon-

gitudinal displacement manifesting as vertical deflection. Although, it still provides

a clear demonstration of thermal bending being due to the bi-material structure of

AFM cantilevers with a vastly lower magnitude of deflection than that from the other

cantilevers.
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FIGURE 5.15: Non-Thermal AFM Cantilevers - OC Thermal Bend Deflection
Profiles Measured by an AFM

Pertaining to the AFM results in Fig. 5.15, a similar second order polynomial was

applied due to rotation’s relation with length for an EF. The MLCT cantilevers exhib-

ited very similar, linear profiles of increasingly negative deflection with laser transla-

tion along the cantilever to that as shown by the models in Fig. 4.40. The deflection
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magnitude of which is very similar towards the tip to the FDM Models. However, to-

wards the base, the experiment’s results tend to zero as opposed a more negative value

of -54 and -110 nm/K for B and C respectively in the models. This could be due to the

model not considering the slightly curved connection to the probe chip with it assum-

ing a planar connection. Analysing the overall profiles for these MLCT cantilevers,

the optical lever (like for the SThM cantilevers) generated a variable and erroneous

interpretation of thermal bending’s actual tip deflection. This trend is similar to that

predicted theoretically in Fig. 4.40. Regarding the PNP-DB-100µm cantilever, a more

parabolic deflection occurred across its length with this decreasing and plateauing to-

wards the tip, but slightly increasing at the laser position closest to the tip. The FDM

model predicted a gradual tip decrease towards the tip (less than that expected from

the MLCT cantilevers). This does not exactly match the experimental results, but it is

of a similar magnitude and comes to the same conclusion that the interpreted vertical

deflection is inconsistent and incorrect. Furthermore, with PNP-DB-100µm’s parabolic

profile and the theoretical model outputting a more gradual deflection change with

length, it does indicate that there may be scope to change the geometry of AFM can-

tilevers to produce a more consistent interpretation. For PNP-DB-100µm this may be

due to its wide base section. If a more consistent interpretation was possible, it would

better align the EF and thermal bend rotations and so their interpreted tip deflection

along the cantilever length. With this said, it will be challenging to produce an exact

match and insurmountable differences will likely still occur, e.g. variable tempera-

ture distributions. For the Blank-SThM cantilever, only four laser positions where ob-

tained. This was due to the laser position near the base being exactly on the base with

the laser spot centred on it. As a result, the output had a gross-InvOLS of around 3201

nm/V (the other laser positions covering a range of 67-194 nm/V for their InvOLS)

and so the SNR ratio was very low causing it to be highly prone to noise alongside

artefacts associated with a laser position on the base. For example, the voltage sum on

the photodetector changed more than is typical during the rest of the experiment, with

this likely associated with the probe chip notably altering the reflection in a fashion

not associated with cantilever rotation. With this noted, the other laser position gra-

dients and subsequent profile produced near zero vertical deflection. This aligns with
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the theoretical expectation and the Interferometer’s output. Hence, this provides ad-

ditional support that single material AFM cantilevers do not exhibit the same thermal

bending phenomenon as bi-material cantilevers.

Overall, bi-material cantilevers appear to result in the AFM generating the same

variable and erroneous interpretation of thermal bending as SThM cantilevers. There-

fore, it is essential to state the laser position when reporting data to ensure correct

interpretation of any results and for reproducibility. Moreover, whatever the laser

position, it should be borne in mind that interpreted tip deflection and likely topo-

graphic output too will not provide an accurate representation of the actual tip deflec-

tion and simply the specific AFM cantilever, set-up and system’s output due to this

phenomenon. This will result in the AFM misinterpreting the real tip deflection and

so the actual interaction of the tip with the surface.

5.2.2 In-Contact

With the above performed, the next step was to explore the IC thermal bend behaviour

for these cantilevers and determine whether they produce a similar profile to that seen

for the SThM cantilevers. As the cantilevers have no method of self-heating, the micro-

heater experiment was employed. Similar to that performed with SThM cantilevers,

both the OC and IC deflection profiles were extracted by determining the thermal in-

duced deflection gradients at five separate longitudinal laser positions. These gradi-

ents were deduced using zero-ing between each temperature change, with the micro-

heater power being driven up to around 1.5 mW for the latter. This was then converted

to temperature utilising the average temperature vs. power relation determined by a

SThM cantilever tip between the centre of the microheater and the immediate Si chip

contact region for each cantilever. Therefore, this provided an estimate of the can-

tilever’s average temperature change, although it should be noted that this is not as

exact as for SThM probes, with additional notable variation in the temperature distri-

butions between the cantilevers due to their varying length. The exact position of each

cantilever can be seen in Fig. 5.16, whereby different locations relative to the heater

were deliberately aimed for. The latter was to help elucidate whether these would

generate notable variation in the OC and IC deflection profiles for enhanced insight.

Errors where similarly determined to previous experiments with 5 µm X-errors and
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standard deviation of both the linear regression and InvOLS for the Y-errors. The OC

deflection profiles are shown in Fig. 5.17 to provide a reference and contrast the IC’s

with third order polynomial trendlines to help appreciate the variable temperature

distributions.

MLCT-C

PNP-DB-100 Blank-SThM

MLCT-B

FIGURE 5.16: Optical Images of Non-Thermal Cantilevers’ Microheater Ex-
periment Locations

Before analysing each profile individually, it should be highlighted that the deter-

mined gradients in Fig. 5.17 are all greater than in the previous OC Peltier experiment

seen in Fig. 5.15. This was due to a combination of different temperature distributions

experienced by each cantilever when compared to the Peltier experiment alongside

the cantilever temperature measurement. Regarding the former, the microheater will

not generate a uniform temperature distribution like the Peltier with this being dif-

ferent for each cantilever. Moreover, with the Peltier experiment using a PT-100 for

temperature measurement and the cantilever differing in distance to the heater, rea-

sonable differences in deflection-temperature gradients magntidues were expected.

With this highlighted, their relative shapes will be accurate depictions as all the gradi-

ents along the cantilever lengths employed the same temperature measurement tech-

nique. Furthermore, the temperatures were consistently determined between the OC
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FIGURE 5.17: Non-Thermal AFM Cantilevers - Microheater Experiment -
OC Thermal Bend Deflection Profiles

and IC profiles so they will be comparable. Analysing the MLCT-B profile, a simi-

lar general shape to that seen in the OC Peltier’s uniform temperature change was

seen with an increase in deflection with laser position closer to the tip. However, as

expected with the tip region being above the Si chip as seen in Fig. 5.16, a less em-

phatic increase in deflection occurred at the tip due to a lower temperature increase.

The MLCT-C experienced a different temperature distribution due its 100 µm greater

length and the microheater’s relative central position in relation to it. As a result, a

greater relative temperature change will have occurred halfway along its length with

the base demonstrating reduced change. This was reflected in the resultant tip deflec-

tion graph, whereby little deflection occurred near the base with it increasing further

along than was seen in the Peltier experiment. The PNP-DB-100µm’s heat transfer con-

dition and temperature change should more closely resemble that seen in the SThM

cantilever’s due to them being of a similar length and so position above the micro-

heater. Moreover, a more uniform temperature distribution than the other cantilevers

will have occurred that may align better with the Peltier experiment’s results. This

was reflected in the experimental data with a similarly parabolic deflection profile

from 10 µm towards the cantilever tip. However, another laser position along the

wide base section was obtained which showed an increased negative magnitude in
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deflection. This was predicted by the FDM Model’s theoretical interpretation as seen

in Fig. 4.40 which occurred due to the sudden width increase relative to the rest of the

cantilever. Regarding the Blank-SThM cantilever, it re-illustrates what was expected

and seen before of a near zero deflection. In addition, with a laser position adjacent

and not focused at the base’s connection to the main chip, a deflection gradient near

the base was obtained that is consistent with the other data points. With these profiles

providing references alongside evidence for the type of heat transfer conditions and

temperature distributions each were under, the IC deflection profiles are shown below

in Fig. 5.18.
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FIGURE 5.18: Non-Thermal AFM Cantilevers - Microheater Experiment - IC
Thermal Bend Deflection Profiles

What is immediately apparent from the generated IC deflections is that all the

metallised cantilevers exhibited a change in deflection direction as the laser was trans-

lated along their lengths. Towards the base, positive deflections occurred with oppo-

site negative deflections closer to the tip. This is the reverse to that seen for SThM

cantilevers due to metallisation on the opposite side causing a reversed deflection di-

rection during thermal bending (as seen in the prior experiments). Before analysing

each profile, the overall profiles immediately bolster the findings from the SThM can-

tilevers: contact changes the tip’s BC causing changes in thermal bend’s manifestation

for all bi-material AFM cantilevers. Furthermore, the general behaviour aligns well
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with that shown theoretically in Section 4.2.2 for IC thermal bending. Pertaining to

each cantilever, the MLCT-B demonstrated a maximum and minimum deflection of

97 nm/K and -28 nm/K respectively with a change in direction around 120 µm. This

compares really well the the theoretical interpretation in Fig. 4.43 with a similar mag-

nitude range and approximate POI position. For MLCT-C a greater change was seen

of 161 nm/K to -101 nm/K with a change in direction at 188 µm. This demonstrates

a larger range than theory, but due to the disparity of their temperature distributions

and the averaging of various positions for the temperature measurement, it aligns

very well. The PNP-DB-100µm then exhibited a 31 and -21 nm/K deflection with a

cross-over point around 72 µm. Interesting, this reflects the FEA model’s output of an

upward arc near the base, validating that this wide-section does indeed play a signifi-

cant role in the cantilevers mechanical and thermal bend behaviour. The Blank-SThM

cantilever produced a greater deflection than measured in OC and was expected the-

oretically. Regarding the former, this was likely due to the tip having been restricted

preventing longitudinal expansion of the SiNx. Therefore, some deflection and rota-

tion will have occurred producing some deflection which was reflected in the FEA

model. However, the latter was predicting sub-nano-metre per Kelvin measurements.

Although, with some metal still present near the tip, potentially this manifested itself

to generate a slight deflection output. With this said, this is still very low in compari-

son to the other cantilevers. In this experiment, all the cantilevers had different lengths

at which point the deflection direction changed, but this begs the question of whether

these are the same relative position along each cantilever. To answer this, the lengths

were normalised by division of the longitudinal position by the total cantilever length.

The results of which are seen in Fig. 5.19.

Normalising the length shows a consistent point around 60 % at which all the bi-

material cantilevers’ experience a change in the interpreted deflection direction. This

was the case even though each had a different temperature distribution and geometry.

This is most likely due to the mechanical BCs at each cantilever’s tip being very sim-

ilar, causing the same manifestation of thermal bending with only the magnitude at

either side of the POI differing. As a result, this suggests that when in contact mode,

a consistent laser position 60 % along all bi-material AFM cantilevers will exhibit in-

sensitivity to thermal bending. This could provide a very powerful and immediate
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FIGURE 5.19: Non-Thermal AFM Cantilevers - Microheater Experiment - IC
Thermal Bend Deflection Profiles With Normalised Length

solution that users can apply to mitigate or even eliminate their AFM cantilever’s

contribution to Thermal Drift. To further demonstrate this, one of the non-thermal

AFM cantilevers was scanned along the same X-X line over the microheater, as was

performed previously for the SThM cantilever. The MLCT-B probe was chosen due to

its narrow 20 µm width which should provide a clear contrast between the unheated

and heated regions of the scan. As this was performed under the same conditions as

the SThM experiment, it will have experienced a similar or slight greater temperature

change (1.5 K) due to the cantilevers narrower nature across the 100 µm scan length.

The resultant change in topography can be seen in Fig. 5.20

A clear mirroring of the topography change was seen for each respective laser po-

sition to that of the deflection measurements in the static experiment for the MLCT-B

cantilever. For a base laser position, a positive deflection was produced with a respec-

tive positive change in topography from the AFM’s feedback system. In this case, an

increase of 385 nm from right-to-left (i.e. from unheated to heated region) was inter-

preted by the AFM system. For a tip laser position, a negative deflection and so topog-

raphy change of -248 nm was generated. Again, this aligns with the direction seen in

the immediately preceding static experiment. For the middle/0.6 laser location, very

little topography change occurred along the scan with a maximum change of round -9
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FIGURE 5.20: MLCT-B AFM Line Scan Across X-X Line on Microheater

nm. This position was very near the IC thermal bending POI as seen in the models and

static experiment which directly fed-back to the topography. This is 97.7 % less than

the topography change seen with the laser at the cantilever base, even though both ex-

perienced the exact same temperature change and scanned across the same section of

Si. Overall, this provides emphatic evidence that simple translation of the laser to 60

% along the cantilever will mitigate thermal bending from contact scanning measure-

ments. However, most AFM scans are produced through rastering across the whole

horizontal plane. As a result, this was performed using the same MLCT-B cantilever,

whereby scans of the microheater when unpowered/unheated were taken along with

that when powered/heated. This scan was generated from the same lateral line pre-

FIGURE 5.21: Annotated Microheater Image of Scanned Area
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viously scanned with it rastering down across the right-side of the microheater by 100

µm (100 x 100 µm scan). This can be seen in Fig. 5.21. A similar power of 1.4 mW was

employed in the microheater with the maximum temperature from the microheater of

6.4 K noted (determined through SThM tip temperature measurement). These were

then contrasted for a similar mixture of tip, base and middle laser locations. Unlike

in the line scans, subtraction was not performed of the unheated from the heated scan

due to the large and long nature of the scan that would result in significant artefacts

from the subtraction process. Moreover, it allows a clear and transparent images of

a) 0 mW (∆Tmax = 0 K)

b) 1.4 mW (∆Tmax = 6.4 K)

102 nm

-497 nm

259 nm

-853 nm

FIGURE 5.22: MLCT-B Full AFM Scan - Tip Laser Position

the surface image obtained in either case which is more translatable to what a user
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would see if they compared scans which are influenced by contact thermal bending.

The results are shown in Fig. 5.22, 5.23 and 5.24, whereby the same scale has been

used for clear comparison between each image. Furthermore, only a low-pass filter

was applied to remove extreme spikes, but not manipulate the general form of each

scan.

a) 0 mW (∆Tmax = 0 K)

b) 1.4 mW (∆Tmax = 6.4 K)

144 nm

-380 nm

712 nm

-367 nm

FIGURE 5.23: MLCT-B Full AFM Scan - Base Laser Position

Considering the tip laser readings in Fig. 5.22, the heated image shows a clear

negative topographic change over the left-side of the scan where the microheater is

situated. The change relative to the right-side is emphatic with a maximum change of

-1.11 µm, which is around -0.51 µm more than demonstrated in the unheated scan (0.6
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a) 0 mW (∆Tmax = 0 K)

b) 1.4 mW (∆Tmax = 6.4 K)

159 nm

-349 nm

241 nm

-352 nm

FIGURE 5.24: MLCT-B Full AFM Scan - Middle Laser Position

µm). It could be speculated that some of this topography change could be due to the

microheater’s membrane displacing. This will have occurred, however confirmation

using the Interferometer indicated only 0-7 nm worth of displacement for the same

power and temperature change. This clearly does not account for the 510 nm of change

observed and all of the evidence appears to clearly indicate the majority of this was

due to the cantilever’s response to temperature change. This is further reinforced by

comparison with the other scans. Regarding the base laser scans in Fig. 5.23, the

opposite effect was produced to that from the tip’s. A topography increase in the left

region over the heated microheater with a change up to 1.08 µm while the unheated
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scan only showed 0.52 µm. This further backs-up that this topography change was not

due to the microheater’s SiNx membrane displacing and it was due to the cantilever

and the laser’s position. For a middle laser position in Fig. 5.24, there was a slight

dip in the heated image towards the top left portion. However, this is far less than in

the previous two graphs with a maximum topography change of 0.59 µm which is a

relatively small increase of 0.08 µm from the unheated image of 0.51 µm. Therefore,

the middle laser position produced a significant reduction in the interpreted thermal

bending relative to the other positions. This further verifies the benefits of this laser

position as a way of mitigating the impact of thermal bending from AFM cantilever’s

and minimising its contribution to overall Thermal Drift.

To sum up the above for non-SThM bi-material AFM cantilevers, a consistent set

of thermal bending profiles occurred. Their OC thermal bend behaviours’ all differed

from that generated by an EF and so produced a variable and erroneous interpretation

of tip deflection. When the AFM cantilever was brought IC, the tip’s new mechanical

BC produced an almost bridge like structure that generated a pronounced and con-

sistent change in the thermal bend profiles. This was emphatically different to that

from OC, where it is evermore apparent the impact of optical lever’s direct measure-

ment of rotation in AFM systems. As a result of the latter, a POI in the deflection

appeared consistently around 60 % along all the cantilevers when undergoing a tem-

perature change induced by a microheater. Therefore, it can be concluded that, if the

laser is positioned at this location, it will produce a consistently lower deflection and

topography change due to thermal bending across a reasonable range of temperature

distributions. This is backed-up from the experimental data, whereby the line and full

scans of the microheater demonstrate a marked reduction of up to 97.7 %. All of these

trends are mirrored in the SThM cantilevers as well; reinforcing the above conclusions.

However, despite this remedy, the core problem of thermal bending still occurs and

will cause a variable tip force from AFM’s erroneous interpretation regardless of laser

position. Hence, the work was expanded in an attempt to mitigate this problem at

source through adjustments to cantilever design.
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6. Attenuation of Thermal Bending

in AFM Cantilevers

All the work described in the preceding chapters has been about understanding and

quantifying thermal bending. The simplest solution identified to eliminate this phe-

nomenon was to employ AFM cantilevers constructed from only one material (as

shown by the Blank SThM data), although careful positioning of the AFM’s optical

lever laser could also help minimise its impact. However, it is not always possible to

use single-material cantilevers, particularly as some AFM techniques require multiple-

materials cantilevers for additional functionality (such as SThM). In addition, repo-

sitioning the laser does not remove the impact thermal bending has on tip-sample

interaction force. Addressing thermal bend in multi-material cantilevers was the mo-

tivation behind the grooved SThM cantilever and was proven to not be completely ef-

fective in the previous chapters. As a result, alternative solutions are needed for these

multi-material probes, and this was explored by employing flat SThM cantilevers. For

this, the aim was to attenuate both the OC and IC thermal bend behaviours, produc-

ing an all-in-one ideal solution. The concepts uncovered were then followed by work

on non-thermal AFM cantilevers to explore the solution when applied to more widely

used probes. However, before going straight into the potential solutions, the exact

nature of what is desired and how to measure its success needs to be defined.

6.1 Objective & Approach

The main goal was to reduce and ideally render negligible thermal bending in AFM

cantilevers. This was not only in terms of the absolute tip vertical deflection, but also
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in the interpretation by AFM systems, ideally for both OC and IC. As the interpre-

tation is based upon the rotation of the cantilever, this similarly needs to approach

zero. However, the point on the cantilever that this rotation is measured from can be

inconsistent due to the user’s optical lever laser positioning being prone to variation.

Therefore, zero rotation would ideally span a long and consistent section near the can-

tilever end/tip to account for this. Hence, the following statement neatly summarises

the objective for attenuation of thermal bending in bi-material/metallised AFM can-

tilevers:

To consistently render zero vertical deflection of the cantilever tip and zero rotation spanning

a relatively long section near the tip for both Out-of-Contact and In-Contact thermal bending

of AFM cantilevers

The above provides a nice general summary and aim, but along with the above

there is a caveat to the use of SThM cantilevers in this study. This is that these complex

probes already have a large number of fabrication steps (up to 66 as seen in Appendix

D). Therefore, the above objective should be a solution that adds little additional com-

plexity onto the already challenging fabrication process. This consideration is not just

true for SThM probes and many other AFM probes that require metallisation are also

complex and so have lengthy fabrication procedures. Hence, a simple to fabricate so-

lution would be desirable to AFM cantilevers overall. The exact approach to execute

this was a methodical, tiered one which complied to the following procedure:

1. Design Brainstorming (based upon knowledge and understanding acquired)

2. Design Modelling - FDM & FEA

3. Measure Key Design Aspects from Models based upon the Objective Stated

4. Construct a General Fabrication Process for the new Design

5. Overall Design Effectiveness and Feasibility Analysis

6. Design Sensitivity Analysis

7. Simple & Quick Feasibility Study

8. Fabrication of Design(s)
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9. Experimental Quantification of key thermal bending Measures and Objectives:

Direct Vertical Measurement and Interpretation utilising Interferometer and AFM

respectively for OC and IC

As a result of the above, a clear aim and pathway to achieve the goal was estab-

lished, whereby flat SThM cantilevers were first explored and used as a metaphorical

canary to investigate potential solutions. This would then be followed by work to

ascertain how this solution would help other non-thermal AFM cantilevers.

6.2 SThM Cantilevers

Before a solution to thermal bending was explored, a reason why grooved cantilevers

(as seen in Fig. 6.1) were not taken further should be elaborated. From the joint mod-

elling and experimental efforts with grooved cantilevers, their poor efficacy at attenu-

ating thermal bending was identified as being due to a combination of factors. The first

one is that the current commercial design does not have a deep enough groove for the

Au to be correctly positioned in line with the NA to benefit from the full effect. How-

ever even if this was corrected, as demonstrated in the modelling efforts, the effect

only comes into play with a long enough cantilever for a large enough length-width ra-

tio. For SThM’s near the theoretically ideal groove depth, this appears to occur when it

approaches 300 µm long for a reduction in vertical deflection to occur across the whole

cantilever width. This is double the length of current SThM cantilevers. Although, the

groove depth can be increased to minimise this, significant depths would be required

that would similarly cause dramatic variation in spring constant; pronounced deflec-

tion change laterally (effecting the laser position on the photodetector); still be reliant

on SiNx thickness that is known to vary across wafers and would need a large experi-

mental study to ascertain the real-world required length-to-width ratio. Additionally,

reducing the cantilever width to achieve the required length-to-width ratio is highly

undesirable with the Au wires required to be narrower which will impede the thermal

and topographic capabilities of the probes. Overall, whichever tactic was used to shift

the design, it would not generate a great solution and with nominal dimensions likely

produce a large variation in cantilever thermal bend attenuation performance across

wafers and batches.
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FIGURE 6.1: Grooved SThM Cross-Section Diagram

With this clear, an attempt was made to explore other potential solutions that

would provide a theoretically more ideal, simpler and easier to fabricate solution

with a greater degree of robustness. To achieve this, the defined objective and ap-

proach articulated was adhered to. The first exercise performed was a brainstorming

of potential solutions theoretically possible and that fitted into the confines of the cur-

rent probe fabrication process. Their efficacies were explored with the best and most

practical solution taken forward. A greater depth into its effectiveness and fabrica-

tion process was investigated and elaborated, followed by a subsequent initial design

study to properly analyse it experimentally. With the cantilevers fabricated, a main

design study was executed with the results and its conclusion elucidated. The impact

of which on the understanding of SThM and other bi-material cantilevers was then

possible.

6.2.1 Potential Solutions

A list of potential solutions was informed from Chapter 4 and 5’s work, with some

having the potential to provide a complete solution, while others have a limit on their

capability. All of them are listed below:

1. Lower CTE & Young’s Modulus Wire Material

Instead of Au, another conductive and reflective material with a lower CTE

and/or Young’s Modulus could be employed to help reduce thermal bending.

The candidate materials explored were Palladium, Platinum and Tungsten (this

list was limited by the available evaporated metals within the JWNC). With these

potential metals, this solution would only be able to reduce thermal bending and

not completely remove it.

2. SiOx on Coating-Side

SiOx has a lower CTE than SiNx with SiO2 approaching 0.5 ppm K−1 [206].

Therefore, if this were layered on-top of the SiNx on the same side as the Au,

then the SiNx will generate a thermal bending moment towards the SiOx that
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could counteract the Au’s to the SiNx. This could either mitigate the latter or

even completely attenuate it.

3. Wider Coating Position

General thermal bending studies in FEA have indicated that when the Au wires

are located further to the edges of the cantilever, the resultant thermal bending

is reduced. Therefore, this could be exploited to minimise thermal bending from

one simple lithographic step.

4. Backside Deposited Metal

If another material with a high CTE (i.e. a metal) is deposited on the back of the

cantilever (i.e. the opposite side to the Au on the SiNx), then a thermal bending

moment will be generated in the opposite direction to the one from the Au and so

counteract it. This theoretically has the potential to provide a complete solution

and be implemented from one single deposition.

With the above listed, each were explored theoretically and the findings articulated

under the respective title.

6.2.1.1 Lower CTE & Young’s Modulus Wire Material

One of the simplest solutions to reduce thermal bending would be to utilise a differ-

ent wire material to the Au currently used, with a lower CTE and Young’s Modulus.

The lower CTE will result in a lower thermal expansion, longitudinal displacement

and force disparity between the wire/coating and the SiNx, resulting in a lower ther-

mal bending moment and vertical deflection. Moreover, if the material had a lower

Young’s Modulus, then the magnitude of force produced for any given temperature

induced expansion and longitudinal displacement would be less, generating a lower

thermal bending moment and subsequent vertical deflection. However, there are re-

strictions to what can be realistically utilised to substitute the Au for SThM probes.

The material needs to exhibit low electrical resistance (minimal Joule Heating and re-

sistance effecting the thermometry measurement), be highly reflective (to reflect the

optical lever laser when it passes through the SiNx) and be unreactive with TMAH

during the final release etch. A table depicting various potential alternative metals to

Au that could be deposited at the JWNC facility are shown in Table 6.1 with their key
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respective bulk properties. The latter are based upon the crucial criteria stated above,

whereby only bulk property magnitudes are stated as an in-depth literature review of

each metal’s thin film properties was unmerited at such an early scope-out stage.

TABLE 6.1: SThM Potential Wire Material Properties

Coating
Metal

CTE (ppm
K−1)

Young’s
Modulus
(GPa)

Electrical
Resistivity
(Ω m)

TMAH Reactivity

Au 15.6 64.39 2.05x10−8

[166]
NO

Pd 11.2 121 1.01x10−6

[166]
NO

Pt [166] 9 170 9.81x10−7 NO

W [207] 4.98 340 1.165x10−7 YES [208]

With the above values, these materials can be inputted into the models developed

to analyse their relative ability based upon the current SThM cantilever dimensions.

Due to its inherent flexibility and ease of use, the FDM Model was applied for this

study as no exact quantification or IC thermal bend analysis was required at this stage.

The results can be seen in Table 6.2 for their effect on SThM cantilever spring constant

and tip vertical deflection from thermal bending. One aspect not appreciated in these

results is any change in the geometry due to the use of any of the materials. For

example, Au has a far lower electrical resistivity to each material explored and so if a

similar resistance is desired, a far greater thickness of each metal would be required.

Although, a similar argument could be made for reducing the thickness to produce a

probe of similar stiffness, especially for Tungsten. However, this conjecture was not

taken further in the modelling as it was deemed out-width the initial scope-out remit

as well as making the comparison more convoluted. Therefore, it is something that

should be borne in mind if this was further investigated in design studies.

Comparing the results in Table 6.2, the Pd produced little reduction in thermal

bend induced deflection. When this is coupled with the x200 increase in electrical

resistivity relative to Au, it would produce an order of magnitude increase in self-

heating and a dramatic shift in resistance effecting SThM’s thermal ability. For Pt, a

reduction in thermal bending of 32 % occurred. This a notable decrease alongside
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TABLE 6.2: SThM Potential Wire Material Mechanical & Thermal Bend Re-
sults

Coating Metal Spring Constant (N/m) Thermal Vertical Deflection (µm/K)

Au 0.170 0.166

Pd 0.198 0.138

Pt 0.220 0.113

W 0.289 0.051

an increase in the cantilever’s spring constant. Moreover, out of all the alternative

materials it has the closest matching electrical resistivity with it being around double

Au’s. However, this would still render an appreciable increase in self-heating of the

cantilever and impede its temperature measurement. Regarding Tungsten, a signifi-

cant reduction of 69 % in thermal bending would be produced, although this comes

with a 5.7 fold increase in electrical resistivity when compared to Au. Its large Young’s

Modulus would also produce a large increase in cantilever spring constant that may

effect SThM’s ability for sound contact mode topographic imaging. Unfortunately it

has another drawback relative to the other materials as it does react with TMAH. Al-

though this reaction is relatively slow and typically used for etching a small amount

of the surface in industry to lift-off contamination post chemical mechanical polishes.

However, considering the 80 ◦C submersion for 90-180 minutes in the final release

etch, a significant amount of material could be etched away that would alter the elec-

trical, thermometry and mechanical properties of the probes. Overall, most of these

materials are not ideal with Pt the most plausible alternative for SThM.

6.2.1.2 SiOx on Coating-Side

If SiOx were deposited on the same side as the Au, it could generate an opposing ther-

mal bending moment to that from the Au to the SiNx. This is possible as SiOx has a

lower CTE than SiNx [206]. Therefore, the SiNx would generate a thermal bending

moment towards the SiOx. However, a reduction in thermal bending beyond stiff-

ening would only occur if no Au was deposited on the SiOx. This is because the Au

would generate a greater thermal bending moment to the lower CTE SiOx. Hence, any

benefits from the SiNx-to-SiOx moment will be rendered moot. As a result, the SiOx
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would need to be located on the areas the Au does not cover. A diagram showing this

can be seen in Fig. 6.2.

SiNx
SiOx

Au
SiOx

FIGURE 6.2: Cross-Section of a Flat SThM Cantilever with SiOx

To determine the potential efficacy of depositing SiOx, its relevant material proper-

ties were obtained. At this early stage of design exploration, the bulk SiO2 properties

were utilised and are listed below [206]:

• υSiO2 = 0.155

• ESiO2 = 73 GPa

• αSiO2 = 0.50 ppm K−1

These properties can be employed in models to determine the potential efficacy

of this design concept. A study of SiOx Thickness vs. Tip thermal bend induced de-

flection was performed with the SiOx covering all the areas not covered by the Au

on the same side of a typically patterned, flat SThM cantilever. The FDM model was

employed due to its in-built sensitivity analysis feature and speed with it able to out-

put the results in seconds instead of days-weeks for the equivalent analysis through

FEA. The result of this can be seen in Fig. 6.3 & 6.4 for a SiOx thickness range of 0 to

800 nm for the subsequent change in spring constant and tip deflection due to thermal

bending respectively.

The graphs demonstrate that this design could potentially work as a complete so-

lution with the tip deflection changing direction at around 500 nm of SiOx. This is

good to be able to completely counteract the Au, but the required thickness indicated

by the FDM model is substantial. As a result, it produced a pronounced increase in

the spring constant from 0.17 to 0.51 N/m. This changes the cantilever’s inherent

mechanical behaviour for scanning by a significant degree and hence its potential us-

ability. However, an effort can be made to minimise the required SiOx by reducing

the magnitude of Au it needs to counteract, e.g. removal of the sudden width increase

80 µm along the cantilever. In addition, the Au pattern can be altered to produce a
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FIGURE 6.3: FDM Model - SiOx Thickness vs. Spring Constant
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FIGURE 6.4: FDM Model - SiOx Thickness vs. Thermal Bend Induced Tip
Deflection

more consistent balance of the SiOx and Au along the length to produce a more con-

sistent longitudinal and lateral deflection mitigation and so magnitude. One thing to

note is at 150 nm of SiOx, a kink and change in gradient occurred in the FDM Model’s

thermal bend output. This was due to the the SiOx exceeding the Au thickness and

so affecting the Effective Modulus calculation. This is because the latter utilises the

greatest coating thickness as seen in Equation 3.6. Therefore, a change in the rate of
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change with thickness occurred.

With the above said, it may be possible to fabricate SThM cantilevers with SiOx,

but it would require a notable alteration and addition to the current fabrication pro-

cess with potential issues of adding such a thick coating. Furthermore, the robustness

of the design may be challenging with it relying on the Au and SiNx thickness mag-

nitudes to be consistent with the latter known to vary. In addition, it may be suscep-

tible to the same issues the grooved cantilever has with varying deflection across its

width. Overall, this solution is one that can provide a complete attenuation of thermal

bending, but this comes at the cost of a significant change in the cantilever design,

properties and fabrication process.

6.2.1.3 Wider Coating Position

This solution is not able to produce a complete attenuation of thermal bending, but it

may provide a simple, single change to reduce it and its induced vertical deflection.

The latter is based upon observations in various FEA models that a wider position of

the Au wires seemed to reduce temperature change induced deflection. To determine

the extent of this, a simple study was designed to explore the effects on both a stan-

dard rectangular cantilever and one with a taper, as is the case for SThM. A schematic

showing these two cantilevers can be seen in Fig. 6.5. For each type of cantilever, a

similar geometry to that found in SThM cantilever’s was modelled. These were 150

µm long and 120 µm wide for the SiNx with the Au running the whole length for

two wires of 27 µm width. FEA was employed for this analysis due to its ability to

appreciate the lateral location of materials. The same type of element type and mesh

employed previously for SThM cantilevers was applied. The results based upon these

are demonstrated in Table 6.3 with the end vertical tip deflection due to thermal bend-

ing calculated for the central and edge regions.

In Table 6.3, there is only central deflections for the tapered cantilever due to it fun-

neling to the centre for the tip. Analysing the results, it is clear that placement of the

coating further to the edge reduced thermal bend induced deflection. This is in the op-

posite direction than the spring constant change would suggest with it reducing with

wider coating position. For the tapered cantilever that resembles a SThM cantilever,

a reduction of 12.4 % was observed. This is surprisingly significant considering the
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FIGURE 6.5: Coating Lateral Positioning Graphic

TABLE 6.3: Wider Coating Position Study Data

Thermal Vertical Deflection (nm/K)

Cantilever
Coating
Lateral

Position

Spring
Constant

(N/m)
Central Edge

Rectangular
Centre 0.33 91.1 103.8

Wide 0.32 (-3 %) 85.6 (-6%) 91.2 (-12.1%)

Tapered
Centre 0.31 94.3 NA

Wide 0.30 (-3.2 %) 82.6 (-12.4%) NA

same quantity of Au is present in-conjunction with the spring constant reducing as

well. Therefore, based upon this simple study, it would be recommended to validate

the results experimentally and if correct, implement them not only in flat SThM can-

tilevers, but in AFM cantilevers with a patterned coating where thermal bending and

drift should be minimised.

6.2.1.4 Backside Deposited Metal

The last solution explored was one involving deposition of a metal on the opposite

side of the cantilever to the Au wires, counteracting its thermal bending moment.

Hence, sandwiching the SiNx between the two metals. Some manufacturers fabricate

AFM cantilevers with such a construction or at least have the option to, but many cur-

rently just provide this to enable metallic conductivity of the tip [209], [210]. However,
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there are some academic applications of creating a sandwich of metal(s) to minimise

thermal bending such as by K. Luo et al. [58] who aimed to reduce the degree of extrin-

sic stress and strain induced from the temperature change from the metal depositions.

Therefore, it is not a completely unfamiliar concept within the AFM community, and

manufacturers do have the immediate capability to perform it. However, it is not cur-

rently implemented by manufacturers to exclusively reduce thermal bending and has

not been attempted for SThM cantilevers or been integrated into its specific, complex

fabrication process. To initially explore this, a set of materials were chosen. The larger

the material’s CTE, the less thickness is required to counteract the Au. However, other

properties such as its Young’s Modulus and reflectivity are also important. The for-

mer has been well articulated in earlier portions of this work, however the latter is

also important as the backside metal is the top surface the laser in the optical lever

system reflects off. This design actually provides an opportunity to enhance SThM

cantilever’s laser reflection as the voltage sum that is outputted by most AFM pho-

todetectors is around 2 V. Moreover, a more reflective material should result in less

absorption of the laser light by the cantilever. Therefore, less laser induced heating of

the tip should occur, a beneficial to SThM’s thermal measurements as documented by

L. Ramiandrisoa et al. [39]. With this in mind, the key properties for Al (chosen due

to deposition capability and known high CTE) and Au are listed in Table 6.4, whereby

only the bulk properties are shown due to this early stage exploration.

TABLE 6.4: Potential SThM Backside Metals

Coating Metal Poisson’s Ratio Young’s Modulus (GPa) CTE (ppm K−1)

Au 0.45 64.39 15.6

Al 0.34 70.2 23.03

With the properties listed, it can be seen Al has a much greater CTE alongside a

relatively similar Young’s Modulus to Au. Therefore, a lower thickness should be re-

quired to counteract the thermal bending moment induced by the Au. To analyse this,

the FDM model was employed with separate Al and Au thickness vs. thermal bend

tip vertical deflection studies. The results of which are shown in Fig. 6.6. The trends

for both Al and Au demonstrate a clear ability to completely attenuate thermal bend
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FIGURE 6.6: FDM - Backside Metal Preliminary Study of Al & Au Thickness
vs. Vertical Tip Deflection due to Thermal Bending

induced deflection. Al appears to provide greater attenuation with a lower thickness

of 52 nm for zero tip deflection with 90 nm needed if Au is used instead. However, the

above analysis does not output the deflection along the cantilever length which will be

variable due to the Au changing width along the SThM cantilever length. Although it

should be noted that, as the tip-side Au is no longer required for reflection of the laser,

a reduced and more consistent wire width can be easily implemented without any

detrimental effect on the SThM’s thermal measurement, bringing more consistent lon-

gitudinal attenuation. However, in the above, Al’s properties are based on bulk values

and not those determined from thin films which may dramatically change its ability

to induce thermal bending and so counteract the Au. Before proceeding, the potential

fabrication of such a solution would only be possible post-release wet etch for SThM

probes. This is because of the SiNx deposition occurring between 700 ◦C and 800 ◦C

and undertaking this on top of an Al, or even other metal films, may evaporate or

recrystalise many metals, cause adhesion and delamination issues, contaminate CVD

chambers and may not be compatible with the etching processes required to be per-

formed during probe fabrication. Therefore, access to the back-side of the probe is

far easier once the final Si is etched away from the release wet etch. This can be per-

formed individually or to a full wafer. One final point for this potential solution is that
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it is based upon balancing the thermal bending moments from the two metals on the

same substrate. As a result, variation in the substrate/SiNx thickness and properties

is insignificant with only the geometry and material properties of the metals being the

dependent factors. These are values which can be well controlled. Overall, it appears

to be a realistic and effective potential method of mitigating or eliminating thermal

bending.

6.2.2 Chosen Solution - Backside Deposited Metal

From the above exploration, the most viable solution offering the best potential effi-

cacy alongside fabrication simplicity and ease to be included in the current lengthy

and complex fabrication process was chosen. This was the Backside Deposited Metal

approach. This complete attenuation of thermal bending induced deflection; requires

only one additional fabrication process; robust to known fabrication uncertainties (e.g.

SiNx thickness); a capability to enhance SThM’s laser reflection and so topographic

measurement; potentially reduce laser heating of the cantilever and tip to improve

thermal measurements and does not require any dramatic changes to the physical

dimensions of SThM cantilevers. However, there were two unknowns that could in-

hibit its credentials as a solution. As deposition of the metal is only possible once the

cantilever is free-standing, it is unknown whether this will generate notable residual

strain, stress and pre-bend to the cantilever which is undesirable. Moreover, depend-

ing on the metal, there may be some unwanted chemical reactions or shorting that

could nullify SThM’s capability. Specifically, the Pd sensor can overhang at the end of

the tip as documented by Y. Zhang et al. [114]. Therefore, it may be possible for back-

side deposited metal to make physical contact with this. For example, Al and Pd are

known to react exothermically upon heating to 650 ◦C [211]. Although this tempera-

ture is very unlikely to be reached in SThM applications, it is something that should be

noted. However, there are many positive traits associated with the solution and so at

the very least it merit’s investigation to shed-light on the stated unknowns. Alongside

this solution, it was decided to couple it with a change in the Au wire definition. As

mentioned earlier, as the Au is no longer required to reflect the laser, its width can be

reduced along with to make it more consistent along its length. This should reduce
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the quantity of the required backside metal as well as provide a more consistent atten-

uation of thermal bending. With this decided, a more comprehensive modelling effort

was performed followed by a feasibility study.

6.2.2.1 Modelling

For a more thorough modelling effort, as has been the case throughout this project, a

combination of FDM and FEA was applied. However, before these were employed,

it was necessary to clearly establish the material properties for the backside coating.

Au has already been researched, but the other material in Al needed its properties

determined. These are shown below in Table 6.5 whereby the relevant literature has

been extracted.

TABLE 6.5: Relevant Aluminium Mechanical & Thermal Properties

Property Reference Material
Thick-
ness (nm)

Details Magnitude

Poisson’s
Ratio

[166] Bulk NA 0.34

Youngs
Modulus

[212] 30 & 50 Sputtered;
MEMS Uniaxial
Tensile Test

60.2 GPa

[174] 250-1,150 Sputtered;
Magnetostrictive
Sensor Strip
Technique

55.4 GPa

[175] 219, 407,
624 &
1,121

Sputtered;
Magnetostriction

81.6, 70.4, 52.1 &
53.7 GPa

[170] 100, 311,
317, 331,
380 & 498

Unknown
Deposition
Method;
Ultra-Fast Pump
Probe

47, 55, 58, 54, 65, 47
GPa

[171] 40 E-beam
Evaporated;
Laser Based
Ultrasound
Technique

69 ± 3.45 GPa

DOCTORAL THESIS Christopher W. Mordue



Chapter 6. Attenuation of Thermal Bending in AFM Cantilevers 202

[213] 3,000 E-beam
Evaporated;
Laser Diffraction
on Free-standing
Films

57 ± 3 GPa

[214] 200-1,000 E-beam
Evaporated;
Micromembrane
Deflection
Method

65-70 GPa

[215] 30-500 E-beam
Evaporated;
Magnetostrictive
Sensor

70.4 GPa

[216] 153 E-beam
Evaporated;
Microscale Beam
Test &
Picosecond
Ultrasonic
Measurement

58 & 60 GPa

Coefficient of
Linear
Thermal
Expansion

[217] 600 Al/0.5%Cu
Sputtered; (25–85
◦C)

37.4 ppm K−1

[218] 300, 500,
1000,
1500 &
1700

Thermal
Evaporation;
Bilayer
Microcantilever
Technique (30-90
◦C)

18.23, 19.54, 24.28,
28.97 & 29.97 ppm
K−1

[219] 720 Sputtered Al ;
X-Ray Based
Technique (100
◦C)

22.5 ppm K−1 (21
ppm K−1 at 30 ◦C
extrapolating
trendline)

From the above literature, the following properties where deduced employing the

same method used for previous materials:

• υAl = 0.34

Very little literature has been produced in determining thin Al film’s Poisson’s

Ratio. Therefore, the bulk value was utilised without further appreciation of the

material’s thin nature.
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• EAl = 64.58 GPa

Al is more isotropic than Au resulting in any grain orientation having less im-

pact on the determined Young’s Modulus. Therefore, this was not needed to be

appreciated as much as Au in literature providing a simpler analysis. As a result,

averaging of the thermally evaporated Al thin film values was employed.

• αAl = 18.23 ppm K−1

There was only one piece of literature found that determined the CTE for ther-

mally evaporated (rather than sputtered) thin Al films with even its thinnest film

of 300 nm being far greater than would be desired to be deposited for this solu-

tion. In alignment with previous deductions of material properties, the most

relevant value was then extracted for the thinnest film from the thermally evap-

orated Al study [218].

With these determined, they were employed in the models. The same thickness

vs. tip deflection study, as performed earlier, was executed in the FDM model with

the results shown in Fig. 6.7.
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FIGURE 6.7: FDM Model - Backside Metal Study of Al Thickness vs. Vertical
Tip Deflection due to Thermal Bending with Updated Material Properties

As expected, with a lower CTE and Young’s Modulus, the required thickness of

Al for attenuation of thermal bend induced deflection will increase with the model

predicting around 73 nm instead of 52 nm for zero tip deflection. However, it should
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FIGURE 6.8: FDM Model - Thermal Bend Vertical Deflection Profile for 73 &
89 nm Al & Au Backside Coating’s Respectively for flat SThM
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FIGURE 6.9: FEA Model - Al (73nm) SThM Thermal Bending Induced Ver-
tical Deflection from 10 K Temperature Change

be borne in mind that there was actually limited literature found on the CTE for thin

Al films deposited by thermal evaporation. Therefore, this value may be a better esti-

mate than the previous bulk value used, but it should only be regarded as an estimate

due to this lack of literature. Beyond this, the variable Au width produces an incon-

sistent thermal bend and hence deflection profile along the cantilever length. This

can be seen in Fig. 6.8 for an Al and Au backside thickness of 73 nm and 89 nm re-

spectively, whereby the tip vertical deflection is close to zero. A minimum deflection

of -5.4 nm/K was produced which is one 30th of the 166 nm/K determined for an
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uncompensated flat SThM cantilever from the FDM Model. This is a massive reduc-

tion and provides a great exhibition of this solution’s strength. However, the variable

bending and deflection is clear along its length. As a results, FEA was subsequently

employed due to its more comprehensive ability to determine this alongside explore

the lateral behaviour. The first model was a replication of the 73 nm thickness of Al on

the backside of a flat SThM cantilever and can be seen in Fig. 6.9. This provided a ref-

erence of how the FDM and FEA models compared. The FEA model predicts a more

positive tip-deflection of 14 nm/K as opposed to the tip deflection close to zero in Fig.

6.8. To produce a more similar tip deflection in the FEA model, an Al thickness of 81

nm was required. The result of this can be seen in Fig. 6.10 & 6.11. Analysing this,

the associated centreline profile shown is comparable and very similar to that seen in

Fig. 6.8 with a peak deflection of -5.7 nm/K. Like for the FDM model, this is one 27th

of the 155 nm/K generated to the equivalent flat cantilever without backside metalli-

sation from FEA seen in Fig. 4.14. Therefore, it can be concluded that the FDM and

FEA models may not produce the exact same deflection for a given Al thickness, but

are producing the same relative profiles and reduction along the cantilever. Alongside

the longitudinal deflection, the lateral variation should be analysed. From Fig. 6.10,

there is a maximum variation of around 3 nm/K laterally across the cantilever. This

is less than a fifth of the 17 nm/K seen for the non-backside metallised flat cantilever.

Therefore, this shows clearly that this design improves lateral variation in deflection.

Deformation Scale
Factor = 100

-1.250e-02
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-2.365e-02
-2.923e-02

-4.038e-02
-4.596e-02
-5.154e-02
-5.712e-02

-3.481e-02

+9.816e-03
+4.239e-03
-1.339e-03
-6.917e-03

U, U2 (μm)

FIGURE 6.10: FEA Model - Al (81nm) SThM Thermal Bending Induced Ver-
tical Deflection from 10 K Temperature Change

Further analysing the longitudinal profile, the significant humped type profile is
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FIGURE 6.11: FEA Model - Al (81 nm) SThM Thermal Bend Induced Cen-
treline Deflection Profile

undesirable with it being dominated by the change in Au width along the length (at-

tributed to the wide section for laser reflection 90 µm along). The latter of which

would no longer be needed due to the backside Al reflecting the laser. If the Au width

is altered so its width is more consistent along the length, then this will be reduced

for a more consistent attenuation or at least a less dramatic humped profile. As a re-

sult, a FEA model with no sudden width increase was generated for a comparable

tip-deflection to previous models with the resultant profile seen in Fig. 6.12. This

utilised 77 nm of Al (4 nm less than the typical SThM Au wire pattern) and showed a

far less variable longitudinal profile with a reduction from 5.4 nm/K to 1.5 nm/K in

the peak deflection magnitude due to the Au wire’s more constant width. However,

perfectly consistent attenuation did not occur and so an exploration exercise was per-

formed, altering the widths of the Au coating to produce a more consistent deflection

profile for near zero tip deflection. Moreover, as highlighted in Section 6.1, cantilever

rotation needs to be similarly zero near the tip-end of the cantilever where the laser is

typically positioned. If achievable, it would also be desirable for the OC and IC ther-

mal bend deflection behaviours to additionally align as much as possible. Therefore, a

single laser position would provide greatly reduced impact from thermal bending in

both. In pursuit of these objectives, an earlier potential solution was exploited. This
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FIGURE 6.12: FEA Model - Al (77nm) SThM Thermal Bend Induced Cen-
treline Deflection Profile with no Wide Mirror Section

was placing the Au wire location in a wider position closer to the edge as elaborated

in Section 6.2.1.3. As indicated from this theoretical study, this should reduce the ther-

mal bending induced deflection from the Au layer and so less Al should be required to

counteract this. In addition, along with the goal of producing a consistent deflection

behaviour longitudinally, this may also help achieve the same laterally as the Al has a

uniform coating and the Au a patterned one. Therefore, altering the Au’s lateral place-

ment may aid this. Following on from this, the Au could be thinned and widened so it

more closely matches the Al coating for a more even, and equal thermal bend attenu-

ation longitudinally and laterally. Bearing all of these different theoretical factors and

design features in mind, a range of designs were constructed and modelled, where the

following listed in Table 6.6 were the most important and key ones identified. These

were chosen due to showing promise for thermal bend attenuation when combined

with a backside Al layer alongside offering Au wires located with wider lateral posi-

tions that could have merit, although this needed to be proven experimentally.

One key facet of all the designs seen in Table 6.6 is that a reduction in Au ap-

proaching the tip was performed. This was due to models indicating that a reduction

would induce a more equal longitudinal vertical deflection from thermal bending.

Furthermore, Design 4 has a thinner and wider Au wire. This has been designed to
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TABLE 6.6: Final Design Exploration FEA Study

Design No. Description Justification Simplified Graphic

1

Wide Lateral
Position of Au
(3 µm from
Edge)

Less Net
Vertical
Deflection
from thermal
bending

3 µm

2

Middle
Lateral
Position of Au
(15 µm from
Edge)

Less Net
Vertical
Deflection
from thermal
bending

15 µm

3

Narrow
Lateral
Position of Au
(30 µm from
Edge)

Comparison
for Design to 2
& 3

30 µm

4

Thinner Au
(tAu = 80 nm)

Similar to Al
Deposition
For More
Even & Equal
Thermal Bend
Counteraction

tAu = 80nm

have a comparable cross-section to the previous design and thus should generate sim-

ilar electrical-thermal behaviour. This has been verified through simple cross-section

calculation and applying R. Lambert’s [141] thermal resistive model. The results of
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FIGURE 6.13: New SThM Cantilever Designs - FEA Longitudinal Profiles
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FIGURE 6.14: New SThM Cantilever Designs - FEA Lateral Profiles

this can be seen in Appendix C. Therefore, with this in mind, FEAs longitudinal and

lateral profiles of each design were carried out and are shown in Fig. 6.13 and 6.14 re-

spectively. These show that by implementing a wider Au position, less tip deflection

occurs along with less variation laterally. However, the real strength of these designs

comes when they are combined the Backside Deposition solution. FEA results images

for each design with the appropriate thickness of Al to induce near zero tip deflection
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are shown in Fig. 6.15 (all with a Deformation Scale Factor of 1,000) followed by the

centreline profiles in Fig. 6.16 for thermal bending when OC and IC.

Deformation Scale
Factor = 1000

ICOC

+2.433e-02
+1.692e-02
+9.500e-03
+2.083e-03

-1.275e-02
-2.017e-02
-2.758e-02
-3.500e-02

-5.333e-03

+5.400e-02
+4.658e-02
+3.917e-02
+3.175e-02

U, U2 (μm)

(3) Narrow
Position 
Wire

(4) Wide & Thin Wire

(1) Wide 
Position 
Wire

Al = 70 nm

Al = 76 nm

Al = 77 nm

Al = 74 nm

ΔT = 10 K

(2) Middle
Position 
Wire

FIGURE 6.15: FEA Wire Study - Thermal Bend (10 K) Outputs Images for
OC (left) & IC (right) for Designs (1) Wide Position Wire; (2) Middle Position

Wire; (3) Narrow Position Wire; (4) Wide & Thin Wire

Analysing the FEA outputs for the backside metallised models (Fig. 6.15 & 6.16),

both the OC and IC thermal bend behaviour are very similar with the OC behaviour

being slightly adrift due to not having the exact Al thickness needed to produce the
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FIGURE 6.16: FEA Wire Study - Thermal Bending Centreline Profiles for De-
signs (1) Wide Position Wire; (2) Middle Position Wire; (3) Narrow Position

Wire; (4) Wide & Thin Wire

zero vertical tip deflection imparted by the tip’s Roller BC. The exact Al thickness was

not modelled due to it requiring sub-nanometre resolution for the Al thickness that

would be unrealistic to achieve using the evaporation techniques available. However,

with this in mind, it makes sense that these two scenarios produce near identical be-

haviour as the only difference between them is the tip’s BC of zero vertical deflection,

a phenomenon that can be replicated OC if thermal bending is perfectly balanced. Be-

yond this, each design’s produces a different result. For wider lateral Au positioning

(Design 1), less Al is required on the backside with 70 nm needed instead of 77 nm

for the Narrow design. However, this comes at a cost as the longitudinal and lateral

variation is far greater for a wider positioning in contrast to narrow. As a result, there

will typically be greater horizontal movement on the photodetector with tempera-

ture change. In addition, the optical lever’s laser position along the cantilever will

produce a variable impact with the typical position near the tip showing relatively

pronounced rotation. For a Middle position wire (Design 2), we see a double humped

profile whereby a reduction in the deflection range can be seen when compared to the

wide wire design. However, this requires a greater Al thickness of 76 nm and still

demonstrated a reasonable degree of deflection longitudinally and laterally for verti-

cal deflection. Regarding the Narrow wire design (Design 3), a similar behaviour, but
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with a slightly more gradual longitudinal deflection than shown in the comparable

FEA model seen in Fig. 6.12. This is thanks to refinement of the Au geometry near

the tip. Moreover, it demonstrates less deflection longitudinally and laterally mean-

ing less variable measurement with uncertain laser location. With this said, it does

require the upper range of these designs with an Al thickness of 77 nm. The final de-

sign explored is the Thin-Wide wire (Design 4), which provided a very good example

of thermal bend balancing. Far less vertical deflection was produced overall with the

longitudinal and laterally profiles showing significantly less variation than the rest of

the designs. The latter of which means that the laser will show less variation with

location. Moreover, the profile demonstrates that in the region where the laser would

typically be located (i.e. near the tip or 80-140 µm along the cantilever), there is a

flat profile resulting in very little rotation that would translate to displacement on the

AFM’s photodetector. Specifically, this not only means little thermal bending will be

registered, but it will more accurately depict the tip’s actual deflection approaching

zero.

Overall, it seems that each design has its benefits and drawbacks, with the Thin-

Wide Au design showing the greatest degree of promise. As a result, it is desirable to

explore each design and verify the theoretical findings. However, particular effort was

made to fabricate the most promising design in the form of Design 4 with a Thin-Wide

Au wire.

6.2.2.2 Feasibility Study

Before committing anything further into the Backside Deposition solution, a feasibil-

ity study was executed to provide a more immediate test of the solution’s ability to

attenuate thermal bending. In addition, this was intended to highlight any further

potential benefits or drawbacks. The outcomes of this could then be used to help op-

timise the final study and prevent lost time, resources and SThM probes. The study

involved the deposition of Al with varying thicknesses over a number of SThM can-

tilevers. Al was selected over Au to perform this as the bulk and thin film properties

suggest it is an ideal metal for inducing thermal bending and so counteracting the

Au wires on the opposite side of the cantilever. It would also highlight any possibil-

ity of the backside Al shorting the Pd tip. With this in mind, five cantilevers were
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chosen from the same wafer so that their geometries were as similar as possible for

sound comparison. Each had their thermal bend profiles measured before and after

metal deposition for sound contrast. The Interferometer and Peltier heater described

previously were utilised with the cantilevers placed directly on-top of the Peltier, im-

mediately next to a PT-100 that measured the surface temperature change. The latter

was used over the more accurate temperature quantification of SThM’s tip due to the

challenge and time consuming logistics of obtaining electrical connection and mea-

surement of the probes while allowing them to have the metal deposited post the ini-

tial thermal bend quantification. Moreover, as long as the experiment was performed

consistently, they would be exposed to the same mechanical and heat transfer con-

ditions and so be comparable. Therefore, this method was appropriate for the scope

of this feasibility study. Alongside the thermal bend measurements before and after

metal deposition, the probes had their tip resistances measured and their Thermal

Tune (i.e. spring constant) data extracted. This was used to confirm no shorting of the

tips or resistance changes occurred post metal deposition and provide a gauge for the

change in stiffness of the cantilevers respectively. However, the latter measurement

is known through L. Avilovas’s work [148] to not be an accurate measure, but should

be an indicator confirming any degree of mechanical stiffening. Regarding the metal,

each cantilever had Al deposited through thermal evaporation as this was the method

readily available and utilised for the other metals in SThM manufacture. Plassys IV in

the JWNC was employed to perform this, with 20 nm, 40 nm, 60 nm, 80 nm and 100

nm of Al deposited separately on the five chosen cantilevers.

The thermal bend induced deflection profiles before and after metal deposition can

be seen in Fig. 6.17. Similar to previous experiments, a total of five locations along the

cantilever length had their deflection-temperature gradients measured to produce the

respective profiles. The Y-errors were then determined based upon the standard devi-

ation from the linear regression analysis for each point. Alongside these profiles, the

tip resistances and Thermal Tune determined Spring Constants can be seen in Table

6.7. Initially analysing this table, the spring constants demonstrate a general trend of

increased stiffness with Al deposition and greater thickness. This confirms that some

degree of mechanical stiffening is occurring, but as mentioned earlier, the inaccuracy

of this value obtained from this measurement is uncertain. Therefore, it should only
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TABLE 6.7: Feasibility Study - Spring Constants & Resistances

Spring Constant (N/m) Tip Resistance (Ω)

Probe Thickness of Al
Deposited (nm)

Before After Before After

1 20 0.044 0.082 450 452

2 40 0.118 0.183 462 463

3 60 0.091 0.174 454 454

4 80 0.155 0.244 496 497

5 100 0.135 0.327 494 495
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FIGURE 6.17: Preliminary Feasibility Study - Probe Thermal Bending De-
flection Profiles

be considered to provide a relative or rough measure in this study and simply con-

firm thicker Al has caused increased stiffness. Regarding the tip resistances, very little

change occurred, with only a uniform resistance increase most likely due to a greater

ambient temperature during the post-deposition measurement. This confirms that no

shorting of the tip resistor occurred along with no exothermic reaction between Pd and

Al that would have destroyed the sensor. Moreover, these resistances were checked

periodically over a number of months and no change in these values were observed.

Moving towards the profile graph (Fig. 6.17), the deflection profiles have a third order

polynomial trendline employed due to the length and width change relation in the
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thermal bend equations previously determined. Analysing the pre-deposition pro-

files, a similar set of profiles were produced. This confirms the experimental method

alongside the cantilevers having a similar geometry and properties aiding compari-

son between them. Post-deposition, the general trend is very apparent: greater Al

thickness resulted in more negative vertical deflection. Between 80 nm and 100 nm Al

thickness, there is a change in deflection direction with the Al overcoming the Au’s

temperature change induced deflection. This is greater than the 73 nm & 82 nm thick-

ness theoretically determined by the FDM and FEA respectively based upon the liter-

ature defined properties for Al.
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FIGURE 6.18: Feasibility Study - Cantilever Thermal Bending Deflection Per-
centage Change 90 µm Along

To contrast the thermal bend profiles, the percentage change in the deflection per

Kelvin 90 µm along the cantilever (chosen due to the inability to measure tip deflec-

tion using the Interferometer) across the five cantilevers can be seen in Fig. 6.18. Based

upon the experimental data, a thickness around 92 nm of Al is required to generate

zero thermal bend induced deflection. This is greater than the 67 nm predicted by the

FDM model for this position along the cantilever. Moreover, the change in deflection

for low Al thickness is less than theoretically predicted. However after 40 nm, both

generated very similar trends of Al thickness with deflection change. This indicates

that the theoretical models are actually predicting the behaviour well, but not for the
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low Al thickness’s. It has been hypothesised that this is due to thickness related prop-

erty changes in the Al, specifically either/all of the CTE, Young’s Modulus and Pois-

son’s Ratio alongside potentially Aluminium Oxide formation. As demonstrated by

the variation between bulk and thin film properties already researched in this project,

the former could be a pronounced effect. However, Al also readily reacts with Oxy-

gen to form a passive layer of Aluminium Oxide [220] and at low Al thickness’s, it will

constitute a greater portion of the total coating. Therefore, if there is any significant

Oxygen concentration in the deposition chamber, this may be the case. As a result, it

would manifest as a coating with a lower CTE and so a lower reduction in thermal

bend induced deflection. This hypothesis can be tested if Oxygen’s presence in the

chamber can be minimised. This was explored and shall be described later. Before

doing this, one potential drawback already highlighted is that the following solution

may generate notable residual strain and so stress. This can be analysed by looking at

the change in the longitudinal profile at ambient temperature before and after metal

deposition. The results of which are shown in Fig. 6.19 for each cantilever.

0

1

2

3

4

5

6

7

8

9

10

0 20 40 60 80 100 120 140

Ch
an

ge
 in

 V
er

tic
al

 P
os

iti
on

 (μ
m

)

Longitudinal Location (μm)

Al(20 nm) - Probe 1
Al(40 nm) - Probe 2
Al(60 nm) - Probe 3
Al(80 nm) - Probe 4
Al(100 nm) - Probe 5

FIGURE 6.19: Feasibility Study - Change in Ambient Profiles/Curvature

Error bars were included, but only two images were extracted at ambient before

and after deposition meaning the max-min difference was very low and hard to see

for each point. With this in mind, the change in the profiles and so curvature indi-

cate the change in the residual strain and stress [221]. Analysing this, up to 80 nm of
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deposited Al, the curvature that correlates with residual strain and stress appears to

increase with deposited thickness of Al. However, beyond 80 nm, the 100 nm result

suggests a strain decrease. Before analysing this, residual stresses should be clearly

defined. These can manifest from two different types of stress: extrinsic and intrin-

sic [222]. The former has been well documented in literature to have a significant

contribution from thermal stresses that arise from CTE mis-match in materials and

processing conditions. However, intrinsic stresses are typically generated from non-

equilibrium/non-homogeneous formation during the thin film deposition. Phenom-

ena that result from this that have been attributed to intrinsic stresses including voids,

impurities, dislocations, grain boundary formation and nucleation [222]. The exact

source of residual stress is thus very challenging to determine, especially the intrinsic

component.

With the above in mind, when analysing the curvatures a definite trend of Al thick-

ness with increased residual strain and so stress until a critical thickness where this is

reversed. One hypothesis for this could be that the change in deflection direction due

to temperature change when enough Al is deposited to overcome the Au occurs caus-

ing the cantilever to deflect in the opposite direction. As a result, when the cantilever

heats up during deposition, it will deflect negatively. This is plausible and indicates

that this extrinsic stress may have significant influence on the final structures residual

strain and stress. However, it has also been well documented that greater thickness

does not always render greater residual stress and strain in a single direction for a

number of metal coatings [223]. This has not been explicitly documented for pure Al

coatings deposited through thermal evaporation, but is a potential explanation. With

this said, formation of Aluminium Oxide could be increasing the residual strain and

stress, as highlighted by R. Abermann [224]. However, even this highlights that with

greater Oxygen presence and so oxide formation, a peak compressive stress occurred

with it eventually changing to produce tensile stress. Although, with the hypothesis of

Aluminium Oxide also potentially reducing the deposited layers ability to counteract

the Au, it would be generally ideal to limit this to as near zero as possible. Therefore,

a study was performed in an attempt to minimise this effect as much as possible and

determine whether it renders both enhanced thermal bend reduction with thickness
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and residual strain and stress. This was carried out by a chamber-conditioning de-

position of 20 nm of Titanium that readily reacts with Oxygen [225] with the sample

shutter closed to prevent deposition on the cantilevers. Here, the Titanium deposits

around the rest of the chamber and not the sample (termed a dummy deposition in

this work) removing any remaining Oxygen in the chamber. A variable set of Al thick-

ness’s within the previous experiments 0-100 nm range were deposited employing this

deposition method. The percentage change in the thermal bend induced vertical de-

flection can be seen below in Fig. 6.20 alongside the absolute change in change in Fig.

6.21. Additionally, the residual strain curvatures of each cantilever are shown in Fig.

6.22.
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FIGURE 6.20: Feasibility Study - Cantilever Thermal Bending Deflection Per-
centage Change 90 µm Along With Dummy Ti Data

Analysing Fig. 6.20, there appears to be a greater change in the thermal induced

deflection than in the previous experiment for low Al thicknesses with it aligning rea-

sonably well with the theoretical model. However, with greater thickness it converges

towards a similar reduction in thermal bending to the previous experiment’s data.

Initially, the author would hypothesise that with greater thickness in the initial ex-

periment, that it more acts like pure Al which should converge to the result for the
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FIGURE 6.21: Feasibility Study - Cantilever Thermal Bend Gradients 90 µm
Along with Varying Al Thicknesses

dummy Titanium deposition which aligns well with the results. However, with con-

stantly minimal oxide formation in the dummy Titanium data, a more constant reduc-

tion in thermal bending would have been expected based on the modelling data. The

resultant trendline indicates that perhaps this is not the case, but with only six data

points this may not be suffice to fully define the trend. Furthermore, what could be

impacting the dummy Titanium data set is that the cantilevers were from different

wafers, resulting in slightly different geometries and/or material properties that have

generated an inconsistent relationship. Indication of which can be seen with a range

of 45 nm/K and 73 nm/K in the thermal bend gradients 90 µm along before metalli-

sation. Moreover, the two cantilevers at either extremes of this deflection gradient

range exhibit the opposite change in the Al thickness vs. vertical deflection reduction

(i.e. increase as opposed to a decrease). This can be seen in Fig. 6.20 between the

lower data point for an Al thickness of 65 nm and 80 nm. Therefore, this does indicate

that this data set may not be completely comparable contributing notable uncertainty

in the results. This is further emphasised if the deflection per Kelvin is graphed for

90 µm along the cantilevers, whereby the two cantilevers with the 65 nm of Al de-

posited show the exact same change in deflection, while the 100 nm shows far less as
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seen in Fig. 6.21. The latter is primarily due to the cantilever experiencing the low-

est initial thermal bending in the data set and so changing by the least magnitude.

This indicates that the SiNx has a notably greater thickness/Young’s Modulus and is

a reason why the relative percentage change has been graphed in Fig. 6.20 as this aids

to remove the substrate as a variable when comparing cantilevers. However, the can-

tilevers with 65 nm of Al showing the same change in magnitude, but different relative

changes indicating that their substrates are very similar but the NiCr-Au wires may

be different. Overall, this experiment unfortunately demonstrates some comparability

issues between the cantilevers employed and emphasises the requirement for similar

cantilevers when performing such a study. However, some indication is given that

less oxide formation is occurring at low Al thickness’s that may be rendering greater

thermal bend reduction in this region. Therefore, it appears that the dummy run of

Titanium may be rendering benefits, with the slightly irregular data being primarily

due to the variable cantilevers geometry, material properties and/or composition.
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FIGURE 6.22: Feasibility Study - Dummy Ti Cantilever’s Change in Ambient
Profiles/Curvature

Moving towards the other reason for this specific study, the residual strain/curvature

graph of Fig. 6.22 shows a similar picture to that displayed without a Dummy Tita-

nium deposition. Specifically, an increase in the curvature and position with thickness

up to 80 nm, whereby the thicker 100 nm deposition generated a decrease. This adds
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further evidence to depositions beyond 80 nm of Al producing a shift in the residual

strains. One potential hypothesis still being that this is due to the extrinsic/thermal

change after a critical magnitude of Al has been deposited. However, this still cannot

be verified and could also be due to the known non-linear change in residual strain

and stress with thickness. Regarding the absolute residual change with a dummy Ti

deposition, apart from the deposition with 80 nm of Al, there appears to be a slight

reduction in the resultant residual strain. However, it is hard to decouple this from the

known variability in the cantilevers. Overall, the dummy Ti deposition has some indi-

cation of limiting oxide formation that may render it more effective, especially at low

Al thicknesses. This may translate into reduced residual strain and stress, but this can

not be definitively concluded. Although, what can be extracted is that the deposited

Al thickness has a clear influence with a reduction in residual strain beyond 80 nm.

With all the above noted, the next step was to employ one of the cantilevers which

demonstrated a significant attenuation in thermal bending from the backside Al de-

position in an AFM. Even with the significant residual strain imparted from the de-

position, it was still possible to obtain a reflection onto the AFM photodetector. The

experiment utilised for this was the microheater approach as performed in Section

5.1.2.2. This permitted both the OC and IC thermal bend deflections to be quantified.

Moreover, as the normal flat SThM cantilever had already been measured, a direct

comparison was possible. Two probes were utilised for this: Probe 5 (Al = 100 nm)

from the initial experiment as this demonstrated near complete attenuation and an-

other probe (named Probe 6) with 100 nm of Al using the Dummy Ti run. Two were

processed to provide greater confidence in the resultant conclusion and trends as well

as to ensure that the Dummy Ti rendered a similar resultant deflection as suggested

when approaching this Al thickness. It should be noted that Probe 5 did not have

its tip temperature measured during the experiment. Therefore, this employed the

previous flat non-backside metallised SThM cantilever’s temperature vs microheater

power relationship. Hence, to provide additional assurance Probe 6 with the same Al

thickness of 100 nm was used with its tip temperature measured. As was performed

per Section 5.1.2.2, five laser locations along the cantilever length were chosen with

the thermal bend induced deflection gradients determined for both OC and IC ther-

mal induced deflection in accordance to the method previously applied. In addition,
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the cantilever was positioned in the same position relative to the microheater as the

previous flat SThM cantilever for sound comparison. The results are shown in Fig.

6.23, where a third order polynomial trendline has been employed to simply guide

the eye with errors calculated in the typical manner.
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FIGURE 6.23: Feasibility Study - Probe 5 Microheater OC & IC Profiles vs
Normal Flat SThM

As can be seen immediately, for both the OC and IC thermal bend profiles, a sig-

nificant reduction relative to the non-Al SThM cantilever occurred across the whole

cantilever length. Analysing the OC profile initially, both Probe 5 and 6 demonstrated

significant change in the negative direction in their interpreted tip deflections. For

Probe 5 this appears less whereby around 80 µm along its length a change in the de-

flection direction occurred. If this is contrasted to the Interferometer profile in Fig. 6.17

for Probe 5, at around 100 µm a POI occurred and so a change in rotation from nega-

tive to positive. This is further along the length than that from the AFM’s profile, but

is a similar position with the same change having happened from negative to positive.

However, greater inaccuracy in the AFM laser’s longitudinal measurement occurred

due to the Al backside coating preventing laser to refract through the SiNx and onto

the Peltier surface that aided the laser location measurements. Moreover, the Opti-

cal Profiler experiment employed a uniform temperature change as opposed to the

more concentrated microheater one that may be slightly shifted. With this in mind,
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their similarity is still apparent, with near zero thermal bend induced deflection being

measured at the POI 80 µm along. For Probe 6 a more negative OC deflection oc-

curred indicating that for this cantilever, the 100 nm of Al over-compensated by a rea-

sonable degree. Furthermore, it demonstrated greater variation to its imposed trend-

line. Although, it is well understood that this trendline will not be able to capture the

complexity of this variable temperature distribution alongside the triple-material can-

tilever construction which may be more convoluting when Al is over-compensating.

With this said, towards the free-end the interpreted tip deflection gets more positive

which is aligned to all behaviour seen in models and in Probe 5 due to the increase in

Au width 80 µm along the cantilever.

Regarding the IC behaviour, Probe 5 shows a very similar profile to the OC situa-

tion. This matches the theoretical findings of the FEA Models seen in Fig. 6.16 as when

the tip deflection approaches zero the OC and IC begin to align. Comparing this to the

non-Al SThM’s IC profile, it is greatly reduced with a flatter profile demonstrated.

Moreover, this data highlights that 53 % along the cantilever near zero thermal bend

interpretation occurs with its Al deposition. This is less expected from the FEA mod-

els, but as highlighted previously perhaps the laser location measurement was not as

accurate. Furthermore, the flat nature of the profile renders the exact cross-over more

likely to vary than if it was steep. Further to the latter point, this flat region effectively

makes the laser location wider for a low thermal bend interpretation which is supe-

rior to the steeper transition with no Al. Moving onto Probe 6’s IC profile, this shows

a greater deflection variation than Probe 5’s, likely due to the over-compensation of

the Al. This deflection is less than when OC due to contact limiting tip displacement

along with a change in deflection 108 µm along. This is 72 % along the cantilever

which is further along than the non-Al and Probe 5. If this is averaged with Probe 5’s

POI then it is closer to the expected 60 %. Overall, this data demonstrates a superior

profile for both OC and IC thermal bending that can be obtained when depositing a

significant thickness of Al. This means that even if the ideal laser position at the POI

is not obtained, it will be more insensitive to thermal bending, especially near the tip.

To verify the above translated into improved topographic scans, the same X-X line

scan (shown in Fig. 5.13) previously performed was executed for both probes. The

results can be seen in Fig. 6.24 & 6.25, with the non-Al SThM cantilever used to provide
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contrast.

FIGURE 6.24: Feasibility Study - Probe 5 Microheater Line Scan’s vs Normal
Flat SThM

FIGURE 6.25: Feasibility Study - Probe 6 Microheater Line Scan’s vs Normal
Flat SThM
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Analysing these profiles, even with variable laser position, Probe 5 and 6 demon-

strated very little variation in topography while approaching the left side where the

microheater was located and temperature increase occurred. With both experiencing

very similar temperature profiles, they showed only a slight increase in their tip laser

positions as the cantilevers moved to the left over the microheater. Both produced a

very flat topography for the middle/0.6 laser position while for a base position, Probe

5 experienced a slight decrease while 6 very little. However, they both outputted a

very similar topography deviation on the left-side of around 25 nm. This is markedly

less than the 360 nm range observed for the non-Al SThM cantilever. This verifies that

the IC profile deduced theoretically is translated into a similar topographic output

which reiterates the cantilevers pronounced insensitivity to thermal bending.

Overall, the above confirms the ability for backside metal deposition to greatly at-

tenuate Au’s induced thermal bending and provides an appreciation of the thickness

required for this. Moreover, although not definitive, the data indicates that, specifi-

cally for Al, a Dummy Ti deposition prior may render enhanced low thickness perfor-

mance and potentially reduce residual strain. Therefore, the latter will be performed

in the final study. However, significant residual strain still occurred from Al depo-

sition, which would benefit from a more comprehensive study. In addition, investi-

gation into the reduction of the Au so less Al is required, temperature control of the

cantilever during deposition, thermal cycling post treatment and employing a differ-

ent metal for the backside deposition may all be worth exploring. Beyond this, the

feasibility study did verify the experimental set-up was capable of producing sound

results for analysis that can be employed in any future design study/characterisation.

6.2.3 Design Study

With the Backside Deposition Solution and Au pattern alteration looking very promis-

ing from the models and the feasibility study above, a full design study was initiated.

This involved fabricating SThM cantilevers with an altered Au pattern that aimed to

enhance thermal bend attenuation and reduce the impact of the Au metal as shown by

FEA in Section 6.2.2.1. For the latter, less Au is needed as it is no longer required to act

as a mirror for the optical lever. This will result in less Au induced thermal bending,

meaning a thinner Al film will be required to counteract it. Moreover, changing the
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Au pattern may render improvements in the general attenuation across the cantilever

width and length. The impact of these alterations on the residual strain and stress is

of interest as well. The exact method to fabricate and perform this study is elaborated

upon below.

6.2.3.1 Method

The FEA exploration exercise described in Section 6.2.2.1 identified alternative Au

patterns which provided some compelling and interesting thermal bend profiles when

balanced by Al on the backside of the cantilevers. As a result, these were selected for

fabrication and subsequent experimental investigation. All the designs are listed in

Table 6.8, with an aerial graphical representation shown in Table 6.6.

TABLE 6.8: Attenuation Design Study - Different Designs

Design
No.

Description Wire Width
(µm)

NiCr-Au
Thickness
(nm)

Au Lateral
Position from
Edge (µm)

1 Wide Wire
Position

27 150 3

2 Middle Wire
Position

27 150 15

3 Narrow Wire
Position

27 150 30

4 Wide & Thin
Wire

57 80 1

As a suggested by FEA models, these should all produce different thermal bend

behaviours with and without Al depositions. Although with the latter, when the Al

approaches the ideal thickness for zero thermal induced tip deflection there are clear

differences. This is not only in regard to the Al thickness required, but the subsequent

thermal bend profiles both OC and IC. Therefore, this study was aimed to contrast

against those results and conclusions, whereby the exceptional promise shown in the

FEA’s output for Design 4’s Thin-Wide construction was identified as a potentially

ideal design for future commercial SThM cantilevers. To enable this, multiple can-

tilevers of each design were fabricated to enable statistically sound conclusions.
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Fabrication

As highlighted in Sections 2.4 & 3.3.1, a vast array of fabrication processes are used

in the manufacture of commercial SThM devices with the specific process sheet pre-

sented in Appendix D. This sheet was followed to produce all the cantilevers fabri-

cated, with Step 62 (EBL definition of the Au wire/pad) and 63 (NiCr-Au metal depo-

sition) being the specific steps required to produce the different Au pattern designs.

Furthermore, it should be noted that only a single thickness can be deposited for each

EBL definition meaning that a separate definition and deposition needs to occur if

there is any thickness variation. This is the case for Design 4 to the others and so this

step was performed separately for this probe type. Bearing in mind the previous in-

vestigations that provided essential background and insights to the design constraints

for SThM probes, the main discussion focus shall be upon Step 62 of the EBL pattern

that differentiated each design. These designs were created in Layout-Editor software

L-Edit and imported into a format to be written through EBL. This followed the com-

mon process flow in the JWNC [139] of exporting L-Edit files into a Graphic Design

System (gds) file format; converting these into a fractured pattern file called a Geosoft

Project File (gpf) through in-house software called Beamer which allows the EBL tool

to write it; importing this fractured pattern into a layout software called c-job for po-

sitioning and write parameters to be defined for the wafer in the EBL tool. The L-edit

files mirrored the dimensions used in FEA and are shown in Fig. 6.26. These patterns

were fractured with a main-field-resolution and beam-step-size of 1 nm and 50 nm

respectively. This aligns with what is utilised for commercial SThM probes and was

adequate for the Au designs to be written as the features are relatively large and were

good enough for sound resolution near the tip region. This file was then exported to

the layout software c-job that defined the exact write positioning, alignment markers

(pre-markers, global and local) and exposure. Specifically for the latter, a dose of 820

µC/cm2 defined the whole pattern in PMMA resist. However, an additional exposure

of 230 µC/cm2 was executed for the Au pattern on the side of the pyramid. The ratio-

nale being that the angle of the pyramid results in a reduction in the dose of the beam

over this area (simple trigonometry demonstrating this). These parameters resulted in

a write frequency lower than the maximum 100 MHz frequency of the EBPG 5200 EBL
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(1) Wide (2) Middle

(3) Narrow (4) Thin-Wide

FIGURE 6.26: New SThM Designs L-Edit Images (Dimesnions Shown in
µm)

tool in the JWNC permitting the patterns to be written. This was then followed by

development using MIBK:IPA at 23 ◦C and deposition of a NiCr adhesion layer and

Au in Plassys II to form the wire. As two different NiCr-Au thicknesses were desired

with Design 1-3 and 4 requiring 150 nm and 80 nm respectively, these designs had to

be written and deposited separately as previously highlighted.

At least 45 probes were written for each design across two wafers to ensure that a

sound number of cantilevers of each design was produced. Moreover, each design was
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40 μm

FIGURE 6.27: SEM Image of Narrow Wire Design Post Wire Definition (Step
62) with the Etch Cut Highlighted

FIGURE 6.28: Image of a 3" SThM Probe Wafer Prior to Release

spread out across the wafer to minimise localised contamination/failure from elimi-

nating a significant number of a single design. This effort was especially required as

one of the wafers unfortunately had etch cuts along the SiNx for many cantilevers

as seen in the SEM image obtained in the FEI Nova NanoSem 630 in Fig. 6.27. This

occurred due to the cantilever definition between steps 33-48 requiring a combina-

tion of EBL and Photolithography. The former defined a pattern for a NiCr hardmask

which provided the outer definition of the cantilever (i.e. the border of the cantilever).

Photolithography then generated a photoresist pattern that defined the rest of the can-

tilever (i.e. the internal portion) and the pattern on the main probe chip. The overlap
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100 μm100 μm

100 μm 100 μm

(a) (b)

(c) (d)

FIGURE 6.29: SEM Images of all SThM Probe Designs Fabricated: (a) Nar-
row; (b) Middle; (c) Wide; (d) Thin-Wide

of the NiCr hardmask has a fine tolerance less than 10 µm laterally to the EBL defined

pattern. Therefore, slight misalignment in either the horizontal axes or rotationally

that rendered narrow regions in the cantilever to be exposed and etched through by

the RIE CHF3/O2 dry etch. This wafer was still employed as the outer mechanical
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cantilever structure was still intact and from the base to the etch cut, reasonable can-

tilever behaviour should still occur. Following the probe process sheet in Appendix

D, probes were released from the wafer (see Fig. 6.28 for a visual of a wafer prior to

release) utilising a hot TMAH wet etch that removed the Si connecting the probes to

the wafer and underneath the SiNx cantilever. This subsequently left thin SiNx beams

that kept the probes attached to the wafer to be "popped" out. SEM images can be seen

of each released wire design in Fig. 6.29. Before proceeding onto experimentation of

these cantilevers, it is worth noting that the low stress LPCVD SiNx deposited at step

23 produced a lower than expected thickness. Instead of it approaching the nominal

400 nm desired, it had an average value fo 315 nm and a min-max range of 302.3-337.6

nm respectively. This was not a fundamental problem as it was not thin enough to

render the cantilevers susceptible to problems such as delamination or deformation

in processes such as the final release etch. However, this notable reduction in thick-

ness relative to standard flat SThM’s resulted in lower spring constants and greater

deflections due to thermal bending. This was not ideal, but as highlighted already,

SiNx thickness is a known uncertainty and variable, and this provides clear evidence

of this. Moreover, as this was already borne in mind as a potential source for variation

between cantilevers, the chosen Backside Deposition & Au pattern alteration solution

was not affected by this. With this consideration and a number of sound cantilevers

for each design fabricated, it was possible to undertake experimentation to ascertain

their Mechanical and thermal bend characteristics to contrast them to theoretical mod-

els and commercial SThM cantilevers.

Experimentation

The method to which the above cantilever designs were explored experimentally aimed

to provide a sound characterisation that could be contrasted to previous experiments

alongside that of the models. A time-efficient set of experiments were designed to pro-

duce the most useful information for the time required to set-up, perform and analyse

them. As a result, the following three experiments were executed.

Experiment Set 1 - OC Thermal Bending Pre-Deposition:

The objective of this experiment was to determine the different thermal bend induced
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longitudinal and lateral deflection profiles for each design. This should highlight each

design’s characteristics and be able to be contrasted to FEA modelling. To induce

thermal bending, the same Peltier heater previously used was employed with the de-

flection and temperature measured using the Interferometer and PT-100 respectively.

The latter was used instead of the tip as it was challenging to electrically connect each

probe to then disconnect them to permit backside deposition for the subsequent exper-

iment. Furthermore, it is a time consuming process to perform these measurements as

bespoke Wheatstone Bridges are required for each cantilever, in-conjunction with the

additional time required to find a technique enabling disconnection prior to backside

deposition. Moreover, as long as each cantilever is put under the same consistent po-

sition and heat transfer conditions they will be completely comparable (as highlighted

in previous experiments). To this effect, each SThM probe was placed in the same po-

sition immediate to the PT-100 on the Peltier surface. The Peltier input voltage was

increased in 0.7 V increments from 0 V to 2.1 V with a settle time of 4 minutes for

each increase to enable a steady-state temperature to be reached. Once attained, four

Interferometer images were taken alongside the temperature measurement for sound

quantification of each.

Experiment Set 2 - OC Thermal Bending Post-Deposition:

The aim for this next experiment set was to demonstrate each design’s thermal bend

induced deflection profiles post-Al-deposition for a thickness of 55 nm. This would

provide further indication of the differences between each design with FEA suggesting

that this should be more apparent with significant thermal bend matching between the

Au and Al. In addition, the 55 nm thickness was chosen as, from general experimen-

tation, this thickness would provide a good balance to Au’s thermal bending across

all the different designs. As in the preceding experiment, the Peltier heater was em-

ployed with the PT-100 for temperature measurement with the Interferometer used to

measure the induced deflection. This was placed in the same position on the Pelteir

surface as the previous experiment with the same Peltier heater input voltage strategy

to ensure a good comparison.
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The above two experiments, provide a clear data set to contrast the designs com-

pletely for their OC thermal bending deflection profiles. However, although the In-

terferometer provides an excellent and comprehensive measurement for comparison

between the designs and models, it is not ideal for quantifying IC thermal bending. It

was desirable to determine this for post-Al deposition in each design with an Al thick-

ness generating near zero tip vertical deflection due to temperature change. Moreover,

as the goal was to determine the manifestation of thermal bend in AFM and minimise

it, a final experiment was constructed for this cantilever to determine its OC & IC ther-

mal bend profiles in an AFM system. This is detailed below.

Experiment Set 3 - AFM Experiments of Design 4:

This final experiment utilised Design 4’s Thin-Wide construction as it demonstrated

the most promise theoretically, whereby this experiment aimed to further explore its

merits in an AFM and demonstrate its capability as an SThM probe. For this, both

the Peltier heater and microheater were employed with the 3100 Dimension AFM to

measure their interpreted tip deflections. Dissimilar to the above, the SThM tip was

employed for temperature measurement. This provides the most accurate tempera-

ture quantification alongside demonstrating the fabricated SThM’s functionality. For

the first sub-experiment, the Peltier heater was used in the same manner as the previ-

ous experiments with the exception that the temperature was acquired from the SThM

tip and with the AFM’s deflection outputted for a cantilever position 200 µm above the

Peltier surface. The latter aimed to provide a similar heat transfer condition to the pre-

vious Interferometer experiments. The profile was then constructed from deflection-

temperature gradients for multiple laser positions along the cantilever length. Re-

garding the second sub-experiment employing the microheater, OC and IC profiles

were extracted while the cantilever was stationary (like that in Section 5.1.2.2). The

cantilever was positioned in a similar manner to previous experiments as well as with

the tip making contact with the Si chip and the cantilever body over the microheater.

The exact method was replicated as described in Section 5.1.2.2. With this established,

a line scan over the microheater was performed with the same X-X line seen in Fig.

5.11 and the subtraction of the heated and unheated scans. For all the above, the best

cantilever chosen was vetted through the Interferometer as this provided a quick and
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immediate set of deflection profiles due to thermal bending.

6.2.3.2 Results

Experiment Set 1 - OC Thermal Bending Pre-Deposition

Both the longitudinal and lateral profiles were extracted for all four designs to fully ex-

ploit the 3D deflection measurement from the Interferometer. The lateral profiles were

taken from 90 µm along the cantilevers as this is at the beginning of the taper and so is

furthest along the cantilever prior to width reduction. Therefore, this should provide

the best SNR to measure any lateral effects for each design. However, the longitudinal

profiles should be first explored. These are shown in Fig. 6.30, with trendlines of a

second order chosen based on Equation 3.9. X and Y error bars were calculated based

upon the pixel size (±0.32 µm) and standard deviation of the determined gradients re-

spectively. The same lateral position was taken for each longitudinal profile to ensure

a confident comparison.
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FIGURE 6.30: Interferometer - Longitudinal Thermal Bend Profiles of New
SThM Cantilever Designs

What jumps out from these Interferometer measured profiles is the similar deflec-

tion with temperature change in comparison to a flat SThM design (e.g. 124 nm/K

120 µm along). This initially suggests that reduced Au has not rendered much im-

provement, especially for Designs 1-3 which have a similar thickness. However, this
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was expected as the lower SiNx thickness averaged 315 nm, while the previous flat

SThMs will have a closer thickness to the nominal of 400 nm. Approximately this

should render a reduction in spring constant by just under half and so a doubling in

deflection for an EF and an increase of 50 % for thermal bend induced deflection ac-

cording to the FDM Model. Therefore, all cantilevers will be less stiff and so output far

greater deflection from thermal bending for the same quantity of Au. With this said,

the trendlines demonstrated in FEA as seen in Table 6.3 and Fig. 6.13 were not com-

pletely reproduced with wider Au generating greater deflection than the Narrow and

Middle coating designs. However, the trend of Au’s lateral position to deflection is

not in a single direction with the middle position demonstrating the lowest deflection

profile. This lack of a clear trend could be partly explained by the variation in the SiNx

deposited on the wafer. However, this is hard to know for each cantilever and can not

be assumed to fully explain the trend. As a result, this likely highlights a potential

issue with the theoretical model’s ability to represent the more complex lateral effects

upon the final vertical deflection for each cantilever design. Although, these results

still mirror the model’s conclusion that the Au coating’s lateral position does influ-

ence the longitudinal profile, albeit an inconclusive trend. Moving towards Design 4’s

Thin-Wide form, this produced a greater deflection than the other designs. This was

not initially expected from the FEA results seen in Fig. 6.13 which demonstrate that

it should be comparable to the other designs. Again the SiNx variation could partly

explain this. Although, if this is assumed to not be the case, it indicates that the design

perhaps is generating greater deflection than predicted from models with it perhaps

aligning better with the total cross-section of the Au between designs (Designs 1-3 and

4 showing a maximum of 4.05 µm2 and 4.56 µm2 respectively). Therefore, a similar

conclusion of the trend being unclear, but providing indications that the lateral place-

ment does have an impact on the longitudinal deflection profile. With these points

established, the next step was to explore the lateral profiles for each. These can be

seen in Fig. 6.31 for 90 µm along the cantilevers, whereby the full profiles normalised

to temperature change permit appreciation of its potentially more complex form when

compared to the longitudinal profiles.

What should be noted before analysis is that due to the probe chip flat reference
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FIGURE 6.31: Interferometer - Lateral Thermal Bend Profiles 90 µm Along
New SThM Cantilever Designs

not being able to be utilised, the edges of the structure were taken as the zero. There-

fore, these profiles do not provide an absolute output, but a relative one. With this

in mind, when comparing to what was expected from FEA as seen in Fig. 6.13, a

mixed comparison can be seen. When contrasting Designs 1-3, the profiles show good

alignment to FEA whereby the wider Au positioning causes a greater plateauing in

the central region and less relative variation. The deflection range for these are greater

than depicted in the models that again is most probably associated with their reduced

stiffness from the thinner SiNx. However, Design 4 - Thin-Wide, shows a profile simi-

lar to the wide design. This was not predicted by FEA as it generated a profile similar

to the narrow design (although a slightly wider plateaued central region). Again, this

highlights that the FEA model may not be completely representing the more complex

lateral behaviour of these cantilevers. With this said, this experimental result is better

than expected as less lateral deflection variation will cause reduced displacement on

the horizontal voltage of an AFM’s photodetector. Overall, this experiment provided

a very interesting comparison to theoretical models and demonstrated that the lateral

position of the Au coating appears to have a pronounced impact. However, the trend

depicted seems more nuanced than the FEA models suggest.
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Experiment Set 2 - OC Thermal Bending Post-Deposition

The next step was to implement the Backside Deposition solution to verify that the

reduction in Au in Design’s 1-3 does enable less Al to be needed to balance it out.

The hope was to also confirm these probes are inherently more thermally insensitive

when compared to the normal flat SThM design (this could not be confirmed fully in

the previous experiment due to the appreciably lower SiNx thickness). Furthermore,

the result could be contrasted to the FEA models in both the longitudinal and lateral

profiles to see if they replicate a similar conclusion made by the previous experiment

set. Twenty-six SThM cantilevers had Al deposited on their backside across a range

of 50-100 nm in an effort to produce a set of cantilevers generating deflections that

approached zero towards their tip. However, during the performance of this study

a notable change in the thermal bend behaviour occurred from the deposited Al that

caused inconsistent trends of Al thickness vs. thermal bend deflection. This was due to

a maintenance on the electron-beam evaporator tool (Plassys IV) mid-way through the

study whereby the Al was topped up and the shutter that controls the sample-crucible

exposure being serviced. The deposited Al thicknesses were verified with a maximum

uncertainty ±5 nm utilising a stylus profilometer (relatively high uncertainty due to

the measurements being performed on the probe chip where contamination was likely

due to contact with Gel-Pak during deposition). However, it was strongly suspected

that some contamination of the Al crucible occurred during the re-melting causing

different resultant thermal bend profiles of the cantilevers (further strengthened as

others users highlighted issues with deposited Al). Hence, it was challenging to cor-

rectly extrapolate an Al thickness that would render deflections approaching zero as

a variable and unclear trend was produced across the deposited cantilevers. As a re-

sult, cantilevers with deflections as close to zero as possible were chosen. Designs 1-3

were deposited with the same Al thickness of 55 nm to enable comparison between

them and vertical deflections above and below zero across their lengths. For Design

4, 80 nm of Al was deposited. The longitudinal profiles can be seen in Fig. 6.32 with

the uncertainties derived in the same manner as Fig. 6.30. Third order polynomials

were employed solely to act as a guide for the eye as with deflections around zero and

multi-layers interplaying, the resultant profiles will likely be highly ordered.
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FIGURE 6.32: Interferometer - Longitudinal Thermal Bend Profiles of New
SThM Cantilever Designs with Backside Deposition Solution (Al)

Designs 1,2 and 4 exhibited profiles that had not been completely attenuated by

the deposited Al (i.e. not thick enough Al). However, with Designs 1-3 having the

same Al thickness (55 nm), comparisons can be made between them. All exhibited

a notable reduction in deflection compared to their profiles prior to Al metallisation

(79-118 nm/K reductions 120 µm along). Design 2 - Middle demonstrated the lowest

thermal induced deflection prior to metallisation and so it was logical that it produced

the most negative deflection. The deflection along its length was still notably variable,

with an initial positive deflection near the base followed by negative near the tip. This

confirms the results outputted from FEA alongside the curved/humped profile being

downward. Regarding Designs 1 - Wide and 3 - Narrow, both displayed positive pro-

files with the latter demonstrating a lower rate of change nearer the tip. FEA predicted

that the Wide design would tend to curve similarly to the Middle one and signs of this

can be seen here, whereby thicker Al would have generated a curve downward in a

similar manner. Although not exactly producing tip deflections near zero, these do

seem to align with FEA’s general trends as seen in Fig. 6.16. For Design 4 - Thin-Wide,

a more linear profile can be seen. This is reasonable as the Au is similar to the uni-

formly deposited Al in contrast to the other designs and so should produce thermal

bend profiles more equal and less variable with length. This was indicated by FEA.
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However, one aspect that inspired this study was the variation in lateral location of

the Au to vertical deflection. Experiment set 1 provided evidence for this, but a defini-

tive conclusion could not be extracted on the exact trend with lateral Au placement.

However, this may be indicated by the change in thermal bending of the cantilevers

following the Al deposition. Graphs depicting this can be seen in Fig. 6.33 alongside

the relative percentage change across each length on the right vertical axis.
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FIGURE 6.33: Interferometer - Longitudinal Change in Thermal Bend Pro-
files & Percentage Change of New SThM Cantilever Designs with Backside

Deposition Solution (Al)

Designs 1-3 were the same cantilevers as measured in Experiment set 1 and so pro-

vided an accurate depiction of the impact of the Al. However, for Design 4 a different

cantilever was used so this may not be as accurate, but should provide a reasonable

comparison nonetheless. With this said, there is a clear trend of wider Au placement

producing greater reduction in the deflection profile due to the Al. FEA indicated that

less Al would be required to counteract for wider Au positions which aligns to these

findings. However, this will be partly due to FEA predicting less deflection from the

wider Au position which Experiment set 1 did not corroborate. Hence, Au positioning

does appear to allow lower Al for the same thermal bend attenuation. For Design 4,

a larger change was shown which was due to its thicker Al coating of 80 nm. If the

profiles for the percentage change are analysed, Designs 1 and 3 output fairly flat lines

while 3 a more negatively trending one. This is likely due to Design 2 being the Middle
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one that had the Al over-compensate and so approached a region where it cancelled

out the previous second order positive trend. For Design 4, a flat line was produced

indicating the Al is counteracting the Au equally. Moving towards the lateral profiles,

these were plotted in a similar manner to previously and can be seen in Fig. 6.34.
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FIGURE 6.34: Interferometer - Lateral Thermal Bend Profiles of New SThM
Cantilever Designs with Backside Deposition Solution (Al)

Again, these profiles do not provide absolute magnitudes due to levelling from the

edges of the profiles, but the relative shapes can be contrasted. Interestingly, Design

1 - Wide shows a similar maximum change to before metallisation but with a greater

arc centrally in the positive direction. This mirrors the previous finding of the design

moving towards a profile and deflections upward as opposed to downward when ap-

proaching zero deflection. This is additionally seen in Design 2 - Middle, whereby a

change in direction has not occurred, but a significant reduction in deflection change

by half. This highlights a shift in the positive direction with Al metallisation, but per-

haps not as emphatic as the FEA suggested. Design 3 - Narrow looks very similar to

FEA’s output seen in Fig. 6.15, but a comparable variation in magnitude is seen to the

others. This could be explained by an inadequate thickness of Al or highlights that

the FEA model has not completely accurately captured the lateral profile. If the latter

is true then the benefits of the narrow design having less variation laterally is not the

case. Regarding Design 4 - Thin-Wide, a very level profile was demonstrated. This
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coincides with the Al balancing the Au evenly and emphatically aligns with FEA’s

prediction of little lateral variation in vertical deflection (and hence horizontal voltage

change on a photodetector). FEA accurately depicted this behaviour which is logical

as the Al and Au balance out equally as they are very similar in their coating distribu-

tion. Overall, this result set substantiates that the Au coating’s lateral position has an

impact on thermal bend induced deflection. This correlates in some instances better

than others to FEA, indicating that wider Au positioning responds better to backside

Al deposition. Moreover, it highlights that Design 4 - Thin-Wide does exhibit ideal

characteristics with Au and Al balancing each other very well.

Experiment Set 3 - OC vs. IC Thermal Bending Post-Deposition

The above experiments and analysis provide a thorough characterisation of the ther-

mal bend behaviour for these new cantilever designs. However, it is still beneficial to

utilise one of these probe designs in an AFM to demonstrate their capability as SThM

cantilevers and susceptibility to thermal bend. Design 4 was chosen for this as both

theoretically and experimentally it showed the most promise in its longitudinal and

lateral deflection profiles. Specifically, it showed more consistent and less variable

profiles upon deposition of the Al that resulted in low thermal bend induced deflec-

tion. For example, the lateral profile was the most level of all the designs and the

longitudinal showed a relation which looked increasingly more linear with attenua-

tion of Au’s induced thermal bending. As a result, the first AFM experiment was to

provide an initial contrast to the Peltier experiments performed under the Interferom-

eter. Although, using the cantilever’s tip temperature measurement will produce a

more accurate quantification than the PT-100 employed in the Interferometer. The ex-

periment was performed in the same manner as described in Section 3.2.2.2. Utilising

the TCR calibration measurement a value of 1.67x10−3 K−1 was generated which is

greater than previous measured values (e.g. 7.33-8x10−4 K−1). This was expected as

the commercial cantilevers previously used have two base resistors that are approx-

imately 200 ± 25 Ω in total that produce a total sensor resistance around 350 ± 25

Ω. As the Thin-Wide cantilever chosen had a tip resistance of 147 Ω at ambient, based

upon Equation 3.11, the TCR should be just over double which is the case and explains

the difference observed. With this established, the resultant thermal bend profile can
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be seen in Fig. 6.35, with the profiles for the commercial flat SThM with and without

Al deposited are shown for comparison.
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FIGURE 6.35: AFM - Peltier Induced Uniform Temperature Profile of Thin-
Wide SThM (Al = 80 nm) Design with Previous SThM Cantilever Compar-

isons

Analysing this graph, it can be seen that the Al for the previous and new designs

show an emphatic improvement relative to the original flat SThM design without any

Al. Moreover, comparing the two Al deposited cantilevers some clear differences can

also be seen. Firstly, the new design appears to require less Al for a similar effect.

This is more significant when it is borne in mind that the new design has a lower

SiNx thickness rendering approximately 50 % greater thermal bend induced deflec-

tion. Therefore, it will have produced greater deflection than the original, flat SThM

design. Beyond this, a far greater indicator of the new design’s merit is clear: a flatter

profile. This was seen in the interferometer results, but is very striking in the AFM out-

put. For example the new design demonstrates a thermally induced deflection range

of 10 nm/K while the older design with Al outputted 18 nm/K. Hence, the new de-

signs objective to produce a more consistent deflection profile when attenuated with

Al has translated into the AFM’s output for uniform temperature change. However, it

could be argued that the merits of this are relatively minor when compared to the old

design and so simply depositing Al provides the vast majority of the attenuation. In

contrast to this statement, the new probe will dampen the apparent the benefits with

DOCTORAL THESIS Christopher W. Mordue



Chapter 6. Attenuation of Thermal Bending in AFM Cantilevers 244

its stiffness being approximately half and so it is likely with a similar SiNx thickness

and greater Al deposition that an even flatter profile could be achieved. For example,

if the SiNx was nominally 400 nm, the variation would be expected to be 6 nm/K with

a greater Al thickness bringing it closer to zero. To further explore this new design,

its IC behaviour investigated. As a result, the microheater experiment was performed

as described in Section 3.2.3.2. This was carried out in the same manner as previously

discussed in Section 5.1.2.2. However, two experiments were performed. This was

due to the realisation that for the new design, when IC, there is far less deflection

along the cantilever (as shown in Fig. 6.16) in comparison to the other designs due

to its well-balanced nature. As a result, the cross-over point (like seen in Fig. 6.23) is

harder to define together with the difficulties in ascertaining the optical lever laser’s

centre spot due to the reflective Al layer. Therefore, multiple measurements were

made with these having different laser positions laterally to provide the full range of

potential longitudinal profiles. Moreover, as the profile should have lower variation,

it is of interest to ascertain the impact of the laser’s lateral placement. The results can

be seen in Fig. 6.36.

-30

-20

-10

0

10

20

30

0 20 40 60 80 100 120 140

Ti
p 

Ve
rt

ic
al

 D
ef

le
ct

io
n 

(n
m

/K
)

Longitudinal Position (µm)

Central Laser Position - OC
Central Laser Position - IC
Wide Laser Position - OC
Wide Laser Position - IC

FIGURE 6.36: AFM - Microheater OC vs IC Experiment with Varying Laser
Lateral Location on Thin-Wide (Al = 80 nm) Design

Focusing on the IC profiles initially, these show some difference with the more

central position being more negative and varying slightly more than the wider laser
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position. This appears in agreement with the FEA output seen in Fig. 6.15 show-

ing a slightly greater hump in the central cantilever region. As a result of this and

their similarly flat profile, the POI position is different between them. This could be

misinterpreted as showing greater variation, but when analysing a range down to 13

nm/K across the length as measured with the wide laser position, this is simply due

to the trend being more parallel to the x-axis causing the cross-over to easily shift in-

conjunction with the challenging longitudinal laser measurement. Furthermore, the

OC data reflects the IC data, whereby the wider position shows less deflection. Their

shape is similar which is to be expected when the tip is able to displace freely causing

fewer non-linear effects. Before moving onto analysing how this translates into topog-

raphy, it should be explicitly contrasted to previous cantilevers that were evaluated

using this experiment. To achieve this, all of the SThM cantilevers which had their IC

behaviour deduced using the microheater are shown in Fig. 6.37.
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FIGURE 6.37: Microheater IC Experiment - All SThM Cantilever Design
Comparison

This graph explicitly highlights the general merit of the Backside Deposition Solu-

tion, where the flat SThM cantilever shows a much greater variation across the length

relative to all the rest. Contrasting the Al deposited Probes 5 and 6 to that of the

Thin-Wide cantilever, it is apparent that the former generally outputs greater varia-

tion. Although Probe 5 is well balanced by its Al deposition, it is still evident that
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it suffers from its more variable Au patterning with it showing more change in its

rate of deflection along its length. For example, from its base it deflects downward

and then upward while the Thin-Wide design has a more consistent arc to its pro-

file. This is more evident by contrasting to the less balanced Probe 6 which has a

more pronounced variation. Furthermore, the Thin-Wide cantilever is a lot less stiff

from its significantly lower SiNx thickness and is notably under-compensated by the

Al deposition. Bearing this in mind, its output is very good with the region near the

middle-tip, where the optical lever laser is typically focused, showing a very flat pro-

file meaning the rotation is changing little at this point as designed. However, there is

one negative in that the base appears to demonstrate greater deflection than Probe 5 or

6. Although it would be ideal to have this flatter, the base is very rarely (if ever) used

for laser spot reflection by AFM users. Furthermore, as seen from the FEA output in

Fig. 6.16, this Thin-Wide design was expected to rotate by a notable amount immedi-

ate to its base, with it plateauing beyond 30 µm, making it such a favourable design.

This plateau region then provides the lower thermal bend interpretation in the AFM’s

optical lever system.

The final experiment to explore the new Thin-Wide design’s performance was to

quantify its topographic output in a heating scenario. To do this, a line scan of the

microheater was executed with the conditions and procedures the same as previously

employed in Section 5.1.2.2. The results are demonstrated in Fig. 6.38 with the topog-

raphy change for the old, flat SThM design overlayed. In addition, it was confirmed

through measurement at the cantilever tip that a similar temperature change (approx-

imately 1.5-1.7 K) occurred between each laser position which was very similar to the

old, flat SThM’s results. Analysing this data, the tip and middle laser positions gener-

ated very flat outputs, especially the latter, while base produced topographic change.

This aligns well with the stationary microheater experiment above in Fig. 6.36 as the

base similarly generated greater interpreted tip deflection while the tip and middle

significantly less. The latter two demonstrated variation of 3.8 nm and 0.5 nm from

left to right for the tip and middle respectively. This is the lowest measured change in

any SThM cantilever, as seen when contrasted to Probe 5 and 6 in Fig.6.24 and 6.25.

This is especially good as the Al is not fully counteracting the Au and suggests that

DOCTORAL THESIS Christopher W. Mordue



Chapter 6. Attenuation of Thermal Bending in AFM Cantilevers 247

FIGURE 6.38: Thin-Wide (Al = 80 nm) - Microheater Line Scan Contrast to
Old SThM Design Without Al

this could be improved if the Al was thicker. Regarding the base laser position, its out-

putted topography produced equal or greater deflections when compared to previous

old designs with Al deposited on them. This appears due to the Thin-Wide design

and is a potential drawback, although the base is very rarely used by the optical lever

due to other issues such as low sensitivity and SNR issues that effect the AFM’s topo-

graphic measurement in other ways. As a result, the Thin-Wide design appears very

good and demonstrates quantifiable improvements when compared to the normal,

flat SThM design.

6.2.4 Summary

Before moving on, it is worth summarising these results due to the large number of

experiments, data and graphs needed to provide a clear picture of this complex ex-

perimental matrix. A wide range of potential solutions to attenuate thermal bending

were explored with a backside deposition of metal showing the most promise from

initial investigations. In addition, as the Au wires were no longer required to be wide

to reflect the optical lever’s laser, this was paired with a change of the wire patterning
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to reduce the required backside metal thickness and better balance it. Moreover, it pro-

vided an opportunity to explore the effects of the Au’s lateral position on the resultant

thermal bend induced deflection profile longitudinally and laterally. Results demon-

strated a general corroboration that Au’s lateral location has an impact on vertical

deflection in the AFM cantilevers analysed. This did not provide complete agreement

with models due to the more complex lateral behaviour and its impact being harder

to predict. However, models were a good predictor for most and their core conclu-

sions agree with experimental data that lateral placement has an influence on thermal

induced deflection. Alongside these, another design with a thinner and wide Au wire

was developed that aimed to mirror the planar deposited backside metal as much as

possible. This showed superior longitudinal and lateral profiles from Interferometer

deflection measurements when balanced with backside Al metal. Therefore, it was

taken forward and employed within an AFM system. These experiments correlated

well with relatively flat profiles that showed excellent thermal bend insensitivity that

was superior to the previous SThM design that had Al deposited on its backside. Fol-

lowing these findings, the next logical step was to expand this approach and apply the

same Backside Deposited Metal solution to non-thermal AFM cantilevers.

6.3 Non-Thermal AFM Cantilevers

Applying all the above knowledge, this section aims to concisely explore and cri-

tique non-thermal AFM cantilevers for their effectiveness with the Backside Deposited

Metal solution. However, an initial review of the current market solutions should be

carried out.

6.3.1 Current Market Solutions

There are cantilevers on the market that are aimed to be more insensitive to Thermal

Drift and Bending. The simplest design is a single material cantilever that will pro-

duce very little deflection due to temperature change as there is no CTE mis-match

between materials. Moreover, there are probes that have metal deposited on either

side of the cantilever [209], [210]. This can provide sound and consistent attenua-

tion if the metals are well balanced for equal thermal bending moments from each
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side. However, many of these probes were designed with the intention to provide a

conductive path to/from the tip and so have not been optimised or fully analysed to

show their Thermal Drift and Bending performance. Alongside the above, there are

some probes which have reduced coverage of metal such as the MLCT-Bio-DC [56]

and all the uniqprobes by NanoSensors [57]. These are based on the idea of less metal

generating less thermal bending with only a small section of metal near their tips. Al-

though a sound idea, it lacks an appreciation that at the tip, the cantilever is least stiff

and so appreciable thermal bending will likely still occur. An example of this can be

seen in Fig. 6.39 which models such a cantilever undergoing 10 K worth of uniform

temperature change. It can be seen at the tip that partial Au coverage causes a notable

bend downward (around -0.06◦). As this is the region the laser is reflecting off and the

AFM’s optical lever system is measuring, this is not an ideal solution. Moreover, as

has been demonstrated in this body of work, the IC thermal bending behaviour will

be different to the OC when notable thermal bending occurs.

Deformation Scale
Factor = 500
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+3.815e-03
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-1.313e-04

U, U2 (μm)

FIGURE 6.39: FEA - Deflection Output for Example of Commercial Solution
with Partial Au Coverage Near Tip

A logical solution for both OC and IC could be positioning the Au coating more

centrally, especially with the knowledge that when IC the cantilever will generate a

similarly humped form seen in all bi-material AFM cantilevers. The modelled result

of this scenario can be seen in Fig. 6.40 for the same example structure shown earlier

and the same coating dimensions but placed in a central position. By applying the

same deformation Scale Factor of 500, it provides a like-for-like comparison to Fig.

6.39. This produces a greater resultant vertical deflection at the cantilever tip due to

the imposed thermal bending effectively having a longer lever to translate to the free
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end. However, the rotation is less where the Au is located with the centre rotating by

-0.04
◦

(approximately a third less). As this is where the laser in the AFM’s optical lever

system will predominantly reflect off for the tip deflection and force measurement, it

should render a lower interpretation of thermal bending. This is a very simple mod-

ification and could render appreciably lower thermal bend interpretation. Although,

this is at the expense of appreciable absolute tip deflection and so more variable tip

forces that result from temperature change. These will not be interpreted by the AFM

and so could cause accelerated tip blunting, inconsistent AFM imaging and perhaps

loss of contact. Therefore, this is still not an ideal solution. This then leads to either

metallisation on both sides of the cantilever or none at all so that both lower AFM

interpretation and absolute tip deflection from thermal bending occurs. As some can-

tilevers require metallisation for functionality and/or for a sound laser reflection, the

solution of metallisation on both sides is subsequently explored here. For OC and IC

thermal bending on contact mode AFM cantilevers.
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-1.002e-01
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+1.180e-03
-8.037e-03
-1.726e-02
-2.647e-02

U, U2 (μm)

Deformation Scale
Factor = 500

FIGURE 6.40: FEA - Deflection Output for Example of Commercial Solution
with Partial Au Coverage Midway Along Cantilever

6.3.2 Backside Deposited Metal Solution

Modelling was first carried out to verify the solution would work for non-thermal

AFM cantilevers and highlight any differences that may arise relative to SThM can-

tilevers. This was also used to aid in the estimation of the required Al thickness to be
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deposited on the cantilevers.

6.3.2.1 Modelling

MLCT-B cantilevers were chosen as they have been well characterised in previous

models and experiments. Regarding the metal, Al was chosen due to its excellent ma-

terial properties and demonstrated track-record with SThM cantilevers. In addition,

this metal was positioned on the underside/tip-side of the cantilevers in the models

due to the native Au being on the topside of the cantilever. The effect of this being

highlighted previously in Section 4.2, and means the opposite deflection occurs and

the Al will attenuate this in the opposite direction to the SThM cantilevers. With these

precursors, the same literature Al values previously defined where employed, with

the FEA determining 44 nm of Al to balance MLCT-B’s Au coating based upon its

nominal thickness. The modelled result of this can be seen in Fig. 6.41. Furthermore,

the longitudinal deflection normalised per Kelvin is shown in Fig. 6.42.
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FIGURE 6.41: FEA - Vertical Deflection from 10 K Uniform Temperature
Change in MLCT-B Cantilever with 44 nm of Al on the Underside

As it can be seen, negligible deflection occurs along the cantilever length and width

due to a near perfect balance between the Au and Al. This is better than has been

seen in any previous models due to both the Au and Al coatings being completely

planar in their deposition while the previous SThM cantilevers had a patterned Au

coating (although made very near planar in the Thin-Wide Design). Moreover, MLCT-

B cantilevers are relatively narrow (20 µm) and so they have low deflection variation

laterally. This indicates that MLCT-B cantilevers were excellent candidates for the

deposition of Al to demonstrate the Backside Deposited Metal solution commercially.
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FIGURE 6.42: FEA - Vertical Deflection Centreline Profile Normalised to per
Kelvin for MLCT-B Cantilever with 44 nm of Al on the Underside

In addition, the Al thickness of 44 nm provides an indication to what thickness should

be required, whereby past experience suggests a greater thickness of around 10 nm

will be required. An experimental study was carried out and its results contrasted to

the above theoretical models.

6.3.3 Design Study

This study aimed to provide a comparison to the models shown above as well as

demonstrate the solutions translation to a commercial AFM cantilever. However, with

the previous work for SThM cantilevers providing a lot of data, this study was not as

expansive with only the MLCT-B cantilever explored.

6.3.3.1 Method

The approach was a simple one involving depositing multiple Al thicknesses on a

number of MLCT-B cantilevers and measuring their thermal bend responses in the In-

terferometer previous employed with the Peltier heater and PT-100 set-up. This iden-

tified which thickness of Al would produce a thermal bend induced profile approach-

ing zero tip deflection. Following this, the cantilever with the best profile was utilised

in the Dimension 3100 AFM, in which the Peltier OC, microheater OC vs IC and line

DOCTORAL THESIS Christopher W. Mordue



Chapter 6. Attenuation of Thermal Bending in AFM Cantilevers 253

scan experiments were executed in the same way described earlier. As the MLCT-B

cantilever does not possess temperature measurement, the Peltier experiment again

employed a PT-100. Furthermore, a SThM probe’s tip temperature vs. microheater

power relation was employed at a number of positions to provide an estimation for

the MLCT-B cantilevers temperature change from the microheater and line scans as

performed in Section 5.2.2.

6.3.3.2 Results

Employing the method above, an Al thickness of 57 nm generated a deflection pro-

file that approached near zero deflection. The result can be seen in Fig. 6.43 from the

Interferometer alongside a MLCT-B cantilever without Al coating for contrast. This

emphatically demonstrates a very level profile relative to a MLCT-B cantilever with-

out Al. One aspect to note is that a significant uncertainty occurred in the deflection

output. This was due to notable vibration from background work during the exper-

iment in the JWNC facility where the Interferometer tool is installed. However, the

gradients obtained relied on 15 separate measurements and so were statistically able

to still output a sound overall profile.
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FIGURE 6.44: AFM - MLCT-B Peltier Induced Thermal Bend Profiles

As can be seen in Fig. 6.44, the Interferometer’s results were largely mirrored when

the cantilever was deployed in the AFM, with an exception for readings taken at its

base. Here the InvOLS was very large and resulted in a significant tip deflection for

very low rotation. Looking at the other more typical laser locations (i.e. greater than

30 µm along the cantilever), a negligible tip deflection was recorded. Contrasting this

to the cantilever without additional Al metallisation demonstrates a stark improve-

ment,with a deflection reduction of up-to 99.3 %. This is massive and emphasises this

simple solution’s effectiveness in-conjunction with the MLCT-B cantilever being able

to be well balanced. Moving on to the microheater experiments, this allowed the OC

and IC profiles to be compared. The OC profile can be seen in Fig. 6.45 followed by

the IC in Fig. 6.46 with a comparison to a normal MLCT-B cantilever’s profile.

Starting with the OC profile, it can be seen that a very flat profile was produced

similar to that seen in the Peltier experiment with exception to the base. The latter

being due to the microheater’s low thermal power and the probe chip acting as a heat

sink to the cantilever meaning relatively low temperature change occurred near/at the

cantilever base. Alongside this, the deflections appear to be slightly positively offset

to the uniform temperature change profiles in the Peltier experiment. This will be due

to a combination of the microheater’s temperature distribution being different and

the Al’s material properties potentially changing over-time. Pertaining to the latter,
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FIGURE 6.45: AFM - MLCT-B Microheater OC Induced Thermal Bend Pro-
files
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FIGURE 6.46: AFM - MLCT-B Microheater IC Induced Thermal Bend Pro-
files

this body of work has observed that the Al coatings deposited have changed up-to

weeks post deposition. This has manifested in the residual stress and strain changing

alongside the thermal bend behaviours which indicate that the mechanical and/or

thermal properties have altered. It has been documented that Al films do change

over time [224], however this would be expected over a shorter time-scale of up-to
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24 hours as opposed to days or even weeks. However, this could be explained by

the Al films having a notable contamination that could render an age hardening effect

as observed in general Al alloys and first documented back in 1906 by Alfred Wilm

[226]. Although, unable to be verified in this work, an exact diagnosis not possible

but it was an effect consistently observed in this project for the Al from the Plassys

IV tool in the JWNC. With this noted, the net result of the Al on the profiles are still

reasonable showing behaviour similar to what would be expected of Al.

Regarding the IC profile, an even lower deflection magnitude across the cantilever’s

length was observed of 2 nm/K as opposed to 6.4 nm/K when OC. This is logical as

the general theme from previous cantilevers is the tip fixation from contact limits de-

flection. From this data, a less clear profile trend was generated (the trendline being

there solely to guide the eye) due to it approaching zero and the reduced SNR caus-

ing greater variation. However, what is clear is the pronounced lack of rotation and

so interpreted tip deflection across the cantilever, where this could be considered al-

most negligible. This will translate into lower interpreted tip force and so topography

change in AFM scans. Overall, this provides greater confidence in the ability for this

and other non-thermal cantilevers to be well attenuated with this Backside Deposited

Metal solution. To confirm this translates into improved AFM scans, a line scan was

executed as described previously. The result can be seen in Fig. 6.47 with the scans

obtained for a normal MLCT-B cantilever provided for contrast.

The result of this is emphatic: flat topographic outputs across all laser positions

meaning minimal thermal bending of the cantilever. As highlighted before, MLCT-B’s

narrow nature with its uniform metal deposition on either side resulted in a very con-

sistent thermal bend balance between the Au and Al. When contrasted to the MLCT-B

cantilever without Al, this is distinctly apparent with the base laser position’s topog-

raphy demonstrating a reduction in variation from the far left (heated) to the right

(unheated) of 97.5 %. Moreover, a lower offset occurred in the right of the scan which

the cantilever’s insensitivity will have contributed to. Overall, this provides clear and

compelling evidence that this Backside Deposited Metal solution can render an in-

credibly thermally insensitive cantilever that not only generates lower thermal bend

interpretation in AFM’s optical lever system, but also suffers from lower absolute de-

flection of its tip.
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FIGURE 6.47: AFM Line Scan - MLCT-B Topography Change
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7. Conclusion & Future Work

7.1 Conclusion

Thermal Drift is a problem most AFM users are familiar with, where common prac-

tice is to allow AFMs to warm-up and reach a steady temperature to minimise it prior

to measurements. The contribution of the AFM cantilever to Thermal Drift has been

acknowledged in the academic and commercial communities, but has not thoroughly

been studied. This body of work attempted to shed greater light on this for ubiqui-

tous bi-material AFM cantilevers that exhibit clear thermal bending from temperature

change. The first clear conclusion from this work reinforces the basic understanding

that the cantilever materials’ dissimilar CTE is the primary source of thermal bending.

However, through modelling and experimentation, this phenomenon’s interpretation

within an AFM’s common optical lever system is highly variable with longitudinal po-

sition of the laser on the cantilever. This results in a signal that is inherently erroneous,

differing between systems and even individual experiments using the same AFM. This

variable drift occurs both in the deflection measurement and subsequent topography

that the AFM feedbacks to the user. The reason for this interpretation is due to the

optical lever directly measuring cantilever rotation at the laser spot’s position on the

cantilever and converting it into tip-deflection through the InvOLS from an EF. The lat-

ter is inherently different to thermal bending’s induced rotation along the cantilever

causing the conversion to be incorrect. Both models and experiments show that this

occurs when bi-material cantilevers are out-of-contact and in-contact with a surface.

Therefore, when thermal bending occurs, the interpreted tip-deflection should not be

initially trusted and quantification of the resultant effect requires reporting of the laser

position for clarity and reproduction. Moreover, the latter should ideally be measured
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at multiple locations along the cantilever length to quantify the impact that could be

inflicted on AFM measurements.

With the above considerations, although both out-of-contact and in-contact have

variable and incorrect interpretations of thermal bending, they have very different

manifestations of it. When out-of-contact, the AFM’s measurement generates rotation

and a tip-deflection in the direction towards the lowest CTE material with tempera-

ture increase (i.e. typically towards the base material - Si, SiOx or SiNx). The impact

of this on AFM measurement generally increases when the laser is positioned further

towards the tip of the cantilever. With this scenario applying to Tapping and Non-

Contact scanning modes, it will cause a movement of their non-oscillated steady-state

vertical position and so can cause pronounced, variable artefacts in their deflection

and topographic output. Moreover, although not directly explored in this work, tem-

perature change will influence the cantilever’s resonant frequency directly and add a

further layer of complexity. For in-contact measurements, instead of thermal bending

manifesting a deflection increasing towards the tip, it generates a humped deflection

profile towards the side that is metallised with temperature increase (i.e. material

with higher CTE). This is more akin to bridges with uniformly distributed loads and

is due to the surface imparting a mechanical BC that limits the cantilever’s tip to dis-

place. The best approximated BC for the tip appears to be a Roller meaning the tip

can slide over the surface, but not displace in the vertical regime. Under such a condi-

tions, models and experiments show a lower absolute deflection along the cantilever

alongside interpreted tip-deflection by the AFM. Furthermore, as the optical lever di-

rectly measures rotation at its laser spot, with the humped profile, both positive and

negative deflections and therefore topographic signals can be output. Although vary-

ing in drift direction, this also presents an opportunity in the form of a laser position

approximately 60 % along the cantilever where the rotation is zero. When the laser

is positioned here, negligible interpreted tip-deflection from thermal bending of the

cantilever will occur. This work has demonstrated up-to 97.7 % reduction in thermal

bending induced topographic artefacts by employing this laser position and hence

provides a very effective and immediate solution to mitigate thermal bending when

bi-material AFM cantilevers are in-contact. However, a change in tip-force will still
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occur due to the inherent erroneous interpretation of it which will produce undesir-

able differences to the actual tip-force. This can cause inconsistent imaging and may

increase the chance of contact loss or tip blunt/sample damage. Therefore, there is

still benefit in limiting this thermal bending phenomenon.

In order to minimise thermal bending occurring in the first place, there are multi-

ple solutions. One solution for bi-material AFM cantilevers that provides a simple and

effective way to mitigate this is through the deposition of a metal film on the backside

of the cantilever. This counteracts the other metal on the cantilever when undergoing

thermal bending and so greatly reduces deflection and induced artefacts. With this

solution, SThM and non-thermal AFM cantilever exhibit great reductions with up-to

97.5 % reduction in thermal induced topographic artefacts for the equivalent longitu-

dinal laser position during contact scanning. Moreover, demonstration using custom

fabricated SThM probes show that even patterned metal coatings can be effectively

attenuated whereby the coating can be additionally altered to better match the planar

metal film deposited on the backside. This solution additionally has the added benefit

of improving both out-of-contact and in-contact scanning methods along with a more

accurate measurement of the actual tip-force. The latter being a key improvement over

the 60 % laser location solution proposed for in-contact scanning, as this simply miti-

gates the phenomenon’s interpretation rather than the manifestation. However, these

solutions can be combined for great reduction in thermal bend induced artefacts, ren-

dering it negligible. As a result, all the benefits of having a metallised AFM cantilever

such as increased functionality, higher voltage sum and minimal laser interference can

be obtained with low Thermal Drift from the AFM cantilever.

7.2 Future Work

There are multiple direct and indirect avenues that future work could investigate fur-

ther such as investigating how the out-of-contact deflection combines with the effect

of temperature change on AFM cantilever’s dynamic component. For example, mea-

suring the out-of-contact deflection and the change in resonance frequency of AFM

cantilevers with temperature change and combining these in models and/or experi-

mentation. Moreover, a translation of the laser position along the cantilever in such
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modes would be interesting to demonstrate the variation that occurs in the tip’s in-

terpreted deflection and topographic output. This could then be followed by the im-

plementation of the Backside Deposited Metal solution to quantify and appreciate the

improvement. Another interesting area could be a holistic theoretical and experimen-

tal analysis on the influence of the tip, sample and environmental conditions on the

tip’s mechanical BC and so thermal bend’s manifestation. This could provide more ap-

propriate predictions during contact scanning when thermal bending is a pronounced

effect under different conditions. Furthermore, thermal bending’s interpretation will

vary depending on the deflection detection system and so a more theoretical and ex-

perimental analysis of this would be worthwhile.

Beyond the above, it would be useful to quantify the overall Thermal Drift in

modern AFM tools with and without thermally insensitive cantilevers. This would

help elucidate on the cantilever’s exact contribution to the general Thermal Drift phe-

nomenon in AFM. More specific to SThM, it would be useful to further qualify both

depositing a metal on the opposite side of the cantilever to the Au wires with the new

Thin-Wide SThM design fabricated. If a dataset that could predict the ideal metal to be

deposited on the opposite side based on what was the total Au-NiCr coating deposited

for the wires, then a process could be implemented for high yield production of SThM

cantilevers that are insensitive to thermal bending. Furthermore, if a jig was set up to

permit easy deposition of metal on multiple SThM cantilevers within the evaporator

tools available in the JWNC as well, then this could provide a commercially viable

process. Alongside the above, it would be interesting to quantify the effect on the

cantilever temperature measurement with SThM cantilevers that displace less with

temperature change. One final aspect for SThM cantilevers would be to further ex-

plore the groove. Although proven unideal, they are clearly far more complex than

standard AFM cantilevers and further experimental work varying groove depth and

length would be an interesting study in general, providing contrast with theoretical

models.
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Appendix A. Supplementary Modelling

Work

A.1 FDM Model

A.1.1 Grooved Cantilever’s

This demonstrates the equations for the additional grooved cantilever dimensions de-

rived from the NA location equation.

A.1.1.1 Simplified Cross-Section

This simplified cross-section is for vertical side-walls with a single coating.

Groove Depth

From Equation 4.1, we can arrange it into a quadratic equation with h as the variable.

Therefore, applying the quadratic formula we can find h accordingly:

h =
−b +

√
b2 − 4ac

2a

a = ts

b = 2
(wsts

crat
− tsxNA

)
c = wsts

( ts

2
− xNA

)
+ nwctc

(
ts +

tc

2
− xNA

)
(A.1)
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Groove Width for a Fixed Overall Width

Through simple rearrangement of xNA equation, the width ratio, crat is found and so

the groove width:

crat =
2hwsts

wsts

(
xNA − ts

2

)
+ hts

(
2xNA − h

)
+ nwctc

(
xNA − ts − tc

2

wg = w− s
(

w− 2
crat

) (A.2)

Overall Width for a Fixed Groove Width

The overall width is found by re-deriving the xNA equation, but instead of linking the

groove and wing widths via crat, they are separate terms. Therefore, we can find the

wing width and by simple summation find the overall width:

ww =

wgt2
s

2 + h2ts + nwctc

(
ts +

tc
2

)
− xNA(tswg + 2hts + nwctc)

ts(2xNA − ts − 2h)

ws = 2ww + wg

(A.3)

Second Moment of Area

The I can be deduced for a fixed NA easily, but requires a more dynamic equation for

a variable NA location. As a result, the following equations were derived where each

component relates to an area of the grooved cross-section which all sum for the whole

cross-section’s I:

I1 =
wgt3

s

12
+ wgts

(
xNA −

ts

2

)2

I2 =
2tsx3

NA
3

I3 =
wct3

below
12

+ wctbelow

(
xNA − ts −

tbelow

2

)2

I4 =
wct3

above
12

+ wctabove

(
h + ts − xNA −

tabove

2

)2

I5 =
2ts(h + ts − xNA)

3

3

I6 = 2

[
(ww − ts)t3

s
12

+ ts(ww − ts)
(

h +
ts

2
− x− NA

)2
]

ITotal = Σ6
i=1 Ii

(A.4)
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where tbelow and tabove relate to the thickness below and above the NA location.

A.1.1.2 Complex Cross-Section

This more complex cross-section is for angled side-walls with two coatings. These

apply the same method for the respective geometry dimensions above in the below.

Groove Depth

h =
−b +

√
b2 − 4ac

2a

a = tstanθsw

b =
−2wsts

crat

c = nc1wc1tc1

(
ts

tc1

2
− xNA

)
+ nc2wc2tc2

(
ts + tc1 +

tc2

2
− xNA

)
+ wsts

(
xNA −

ts

2

)
(A.5)

Groove Width for a Fixed Overall Width

crat =
2wstsh

wsts

(
xNA − ts

2

)
+ h2tstanθsw − nc1wc1tc1

(
ts +

tc1
2 − xNA

)
− nc2wc2tc2

(
ts + tc1

tc1
2 − xNA

)
wg = w− s

(
w− 2

crat

)
(A.6)

Overall Width for a Fixed Groove Width

ww =

wgts

(
ts
2 − xNA

)
− htstanθwl(h + ts) + nc1wc1tc1

(
ts +

tc1
2 − xNA

)
+ nc2wc2tc2

(
ts + tc1 +

tc2
2 − xNA

)
ts(2xNA − 2h− ts)

ws = 2ww + wg

(A.7)
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Appendix B. Supplementary Experi-

mental Quantification Work

B.1 PT-100 Equations

Callendar-Van Dusen Equation [227]:

R(T) = R(0)[1 + AT + BT2] if 0◦C ≤ T < 661◦C

R(T) = R(0)[1 + AT + BT2 + C(T − 100)T3] if − 200◦C < T < 0◦C
(B.1)

where A = 3.9083× 10−3, B = −5.775× 10−7 and C = −4.183× 10−12
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Appendix C. Supplementary Atten-

uation Work

C.1 Normal vs. Thin-Wide SThM Cantilever Work

Firstly, a simple cross-section area calculation was performed along sections of the

SThM cantilevers with the standard commercial Au geometry (150 nm thickness) vs.

that proposed with the new Thin-Wide Au design (80 nm thickness). Fig. C.1 demon-

strates this at key positions along the cantilevers lengths where the scale bars below

and adjacent to the Au patterns are in microns. As it can be seen, for the section lead-

4.05 4.56

Cross-Section Area of Each Wire (µm2)

<

7.50

5.96

4.56

3.15

0.61

3.71

2.18

0.70

>

<

>

>

FIGURE C.1: Normal vs. Thin-Wide SThM Au Designs - Key Cross-Section
Areas (µm2)

ing up to the width increase of the mirror at 85 µm along, a 80 nm metal thickness

has a cross-sectional area that exceeds that of the 150 nm. However, upon this width
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increase, it is lower until 140 µm along. As electrons follow the shortest path of least

resistance and the wider section is for reflecting the laser, the effect of this lower cross-

sectional area on the probes electrical and thermal performance may not be dramatic.

To help shed light on this, the thermal-resistive model developed by R. Lambert was

employed. The results for which can be seen in Fig. C.2 and C.3 for the thermal resis-

tance and subsequent temperature change from a 0.552 mA current. This predicts that

the Thin-Wide design will have similar thermal resistance and temperature profile.

However, there is a slight increase in both with an average tip temperature increase

of 5 %. With this said, the thermal-resistive model is 1D and does not appreciate the

suddenly wide section that theoretically may not contribute much reduction in elec-

tron flow resistance. Hence, with this and the difference being relatively low in the

thermal-resistive model, the 80 nm thickness was deemed sound electrically and ther-

mally.
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FIGURE C.2: Thermal-Resistive Model - Thermal Resistance Along Can-
tilever Graph
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FIGURE C.3: Thermal-Resistive Model - Temperature Change Along Can-
tilever Graph
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Appendix D. SThM Fabrication Pro-

cess Sheet

# Process Steps
1

2

3

4

5

6

7

8

9

10

11

12

13

14
15
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17
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25

26

27

28

29

30

31

32 BS
 

w
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ch

33

34

35

36

Spin - Back Side - Primer, S1818

Dry Etch - Ash

Front (Pyramid) Side:
Spin - 8% 2010/9% AR-P632 50k (Bot. #9, Oven bake - 180°C
Spin - 4% 2041/4% AR-P649 200k (Bot. #16), Oven bake - 180°C
Float coat 1.5% 2041, Oven bake - 180°C (x 4/x6)                                              

Dry Etch - Ash 

Solvent Clean of a Si/SiOx/SiNx 3" Wafer 

Develop 
Expose on MA6 - Hard Contact

Spin Primer + S1828 on Back Side & Bake

Spin Primer + S1818 on Back Side & Bake
Dry Etch - Ash

Develop, IPA Rinse
Optical Inspection

Cantilever Definition EBL 

Py
ra

m
id

 L
ev

el
 

Ph
ot

ol
ith

og
ra

ph
y

N
itr

id
e 

D
ry

 E
tc

h
Py

ra
m

i
d 

Et
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Ba
ck

-S
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e 
Ph

ot
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y

Dry Etch - RIE 80+ - C2F6 

Postbake

Expose - MA6 - Using BSA, Hard Contact
Develop

Strip Resist

Solvent Clean
Spin  - Front Side (Pyramids) -  AZ4562 

Optical Inspection - Pyramid tops

Ri
bs

/G
ro

ov
e 

(O
nl

y 
if 

ne
ed

ed
!) Solvent clean, RO rinse, Dry Etch - Ash, Dehydrate

Spin - Primer, SPR220-7

Dektak - Check etch depth

Post bake  - Oven 

Ba
ck

- 
Si

de
 S

iN
 

Et
ch

Dry Etch - O2 Ash

Optical Inspection - Determine Pyramid Height

E-
be

am
 c

an
til

ev
er

 d
ef

in
iti

on

HF Dip, KOH Wet etch @ 55°C, Sulphuric Acid Rinse, RO rinse 

Slilcon Nitride Etch - HF based strip, Rinse in RO
Send to Chalmers for 400nm LPCVD low stress SiN

Strip Resist, IPA rinse
Dry Etch - RIE80+ (C2F6)

HF Dip, KOH Wet etch @ 105°C, Sulphuric Acid Rinse, RO Rinse
Optical Inspection - measure depth. 

Strip resist - 10mins, Ultrasonic for 5 mins, acetone, IPA, dry
Ribs etch - RIE80+: Part 1: O2, Part 2: CF4

Reflow - 140°C 20 mins, cool slowly on hot watch glass, inspect
Develop - Slight agitation
Expose with ribs mask

Softbake - 118 °C for 5 mins, cool gently on hot watchglass.
Rehydration delay
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# Process Steps
1

2

3

4

5

6

7

8
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33

34

35

36

Spin - Back Side - Primer, S1818

Dry Etch - Ash

Front (Pyramid) Side:
Spin - 8% 2010/9% AR-P632 50k (Bot. #9, Oven bake - 180°C
Spin - 4% 2041/4% AR-P649 200k (Bot. #16), Oven bake - 180°C
Float coat 1.5% 2041, Oven bake - 180°C (x 4/x6)                                              

Dry Etch - Ash 

Solvent Clean of a Si/SiOx/SiNx 3" Wafer 

Develop 
Expose on MA6 - Hard Contact

Spin Primer + S1828 on Back Side & Bake

Spin Primer + S1818 on Back Side & Bake
Dry Etch - Ash

Develop, IPA Rinse
Optical Inspection

Cantilever Definition EBL 

Py
ra

m
id

 L
ev

el
 

Ph
ot

ol
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ph
y

N
itr
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e 

D
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h
Py
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Et
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y

Dry Etch - RIE 80+ - C2F6 

Postbake

Expose - MA6 - Using BSA, Hard Contact
Develop

Strip Resist

Solvent Clean
Spin  - Front Side (Pyramids) -  AZ4562 

Optical Inspection - Pyramid tops

Ri
bs

/G
ro

ov
e 

(O
nl

y 
if 

ne
ed

ed
!) Solvent clean, RO rinse, Dry Etch - Ash, Dehydrate

Spin - Primer, SPR220-7

Dektak - Check etch depth

Post bake  - Oven 

Ba
ck

- 
Si

de
 S

iN
 

Et
ch

Dry Etch - O2 Ash

Optical Inspection - Determine Pyramid Height

E-
be

am
 c

an
til

ev
er

 d
ef

in
iti

on

HF Dip, KOH Wet etch @ 55°C, Sulphuric Acid Rinse, RO rinse 

Slilcon Nitride Etch - HF based strip, Rinse in RO
Send to Chalmers for 400nm LPCVD low stress SiN

Strip Resist, IPA rinse
Dry Etch - RIE80+ (C2F6)

HF Dip, KOH Wet etch @ 105°C, Sulphuric Acid Rinse, RO Rinse
Optical Inspection - measure depth. 

Strip resist - 10mins, Ultrasonic for 5 mins, acetone, IPA, dry
Ribs etch - RIE80+: Part 1: O2, Part 2: CF4

Reflow - 140°C 20 mins, cool slowly on hot watch glass, inspect
Develop - Slight agitation
Expose with ribs mask

Softbake - 118 °C for 5 mins, cool gently on hot watchglass.
Rehydration delay

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

Et
ch

 C
an

til
ev

er
s 

Ba
se

 R
es

is
to

rs
Ti

p 
Re

sis
to

rs

Tip Resistors EBL
Develop, IPA rinse, Optical Inspection

Solvent Clean, Dry Etch - Ash
Spin - 8% 2010/9% AR-P632 50k, Oven bake
Spin - 4% 2041/4% AR-P649 200k, Oven bake
Float coat 1.5% 2041, Oven bake  (x 6)                    

Short KOH Wet Etch, RO Rinse
SEM Inspection - undercut should be visible
Nanostrip, RO Rinse, Ash

Chrome Etch, RO Rinse
Optical Inspection

Spin - 8% 2010/9% AR-P632 50k (Bot. #9, Oven bake
Spin - 4% 2041/4% AR-P649 200k (Bot. #16), Oven bake
Float coat 1.5% 2041, Oven bake  (x 6)

Base resistors EBL
Develop, IPA rinse, Optical Inspection

Ph
ot

ol
ith

 C
an

til
ev

er
s

Dry Etch - Ash
Evaporate 33nm NiCr 5nm Pt, Lift-off
SEM Inspection

RIE 80+ -  O2- 10 sccm - 10W - 250mT -  30 s (Jump start required)
Evaporate 8nm NiCr - 40nm Pd - Plassys IV. Lift-off.  No ultrasonic.
SEM inspection.

Resist Strip
Dry Etch - Ash
SVC14 , IPA Rinse, RO Rinse, Dry, Ash 
Optical Inspection

Dry Etch - RIE80+ Interferometer Etch CHF3

Inspect to ensure etched through at tip. 
MF319 clean, RO Rinse, Dr

SEM Inspection

Hardbake 

Dry Etch - Ash 
Dehydration Bake
Spin - Primer, AZ4562
Solvent Loss Time
Hotplate Bake
Second AZ4562 Spin (repeat above)

Develop - Changing to fresh developer half-way, RO Rinse, Dry
Optical Inspection

Delay rehydration
Expose - MA6 - Hard Contact

E-
be

am
 c

an
til

ev
er

 d
ef

in
iti

on

Dry Etch - Ash
Evaporate 75nm NiCr, Lift-off
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37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

Et
ch

 C
an

til
ev

er
s 

Ba
se

 R
es

is
to

rs
Ti

p 
Re

sis
to

rs

Tip Resistors EBL
Develop, IPA rinse, Optical Inspection

Solvent Clean, Dry Etch - Ash
Spin - 8% 2010/9% AR-P632 50k, Oven bake
Spin - 4% 2041/4% AR-P649 200k, Oven bake
Float coat 1.5% 2041, Oven bake  (x 6)                    

Short KOH Wet Etch, RO Rinse
SEM Inspection - undercut should be visible
Nanostrip, RO Rinse, Ash

Chrome Etch, RO Rinse
Optical Inspection

Spin - 8% 2010/9% AR-P632 50k (Bot. #9, Oven bake
Spin - 4% 2041/4% AR-P649 200k (Bot. #16), Oven bake
Float coat 1.5% 2041, Oven bake  (x 6)

Base resistors EBL
Develop, IPA rinse, Optical Inspection

Ph
ot

ol
ith

 C
an

til
ev

er
s

Dry Etch - Ash
Evaporate 33nm NiCr 5nm Pt, Lift-off
SEM Inspection

RIE 80+ -  O2- 10 sccm - 10W - 250mT -  30 s (Jump start required)
Evaporate 8nm NiCr - 40nm Pd - Plassys IV. Lift-off.  No ultrasonic.
SEM inspection.

Resist Strip
Dry Etch - Ash
SVC14 , IPA Rinse, RO Rinse, Dry, Ash 
Optical Inspection

Dry Etch - RIE80+ Interferometer Etch CHF3

Inspect to ensure etched through at tip. 
MF319 clean, RO Rinse, Dr

SEM Inspection

Hardbake 

Dry Etch - Ash 
Dehydration Bake
Spin - Primer, AZ4562
Solvent Loss Time
Hotplate Bake
Second AZ4562 Spin (repeat above)

Develop - Changing to fresh developer half-way, RO Rinse, Dry
Optical Inspection

Delay rehydration
Expose - MA6 - Hard Contact

E-
be

am
 c

an
til

ev
er

 d
ef

in
iti

on

Dry Etch - Ash
Evaporate 75nm NiCr, Lift-off

61

62

63

64

65

66

Text in Red  were steps that where not performed in the fabrication of the devices in this project

Pa
ds

Re
le

as
e

Pads EBL
Develop, IPA rinse, Optical & SEM Inspection
Dry Etch - RIE 80+ (O2)
Evaporate - 8nm NiCr  - 145nm Au, Lift-off
SEM Inspection, Test Tips electrically, Dry Etch - Ash

Solvent Clean, Dry Etch - Ash
Spin - 8% 2010/9% AR-P632 50k, Oven bake
Spin - 4% 2041/4% AR-P649 200k, Oven bake
Float coat 1.5% 2041, Oven bake (x 6)                                                      

Optical & SEM Inspection, Measure Probes Electrically
Pop-out Probes

TMAH Wet Etch @ 80°C Until Centre Probe Floats Away, then etch for further 50-100%
Remove Wafer Carefully, Multiple Gentle RO Dips, Blow Dry from Methanol

FIGURE D.0: SThM Fabrication Process Sheet
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