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Abstract

Since its inception in 1986, the field of atomic force microscopy (AFM) has enabled surface analysis
and characterisation with unparalleled resolution in a wide variety of environments. However, the
technique is limited by very low sample throughput and temporal resolution making it impractical
for materials science research on macro sized or time evolving samples such as the observation of
corrosion. The potential of AFM sparked intense efforts to overcome these limitations shortly after
its invention, and has led to the development of high-speed atomic force microscopes (HS-AFMs).
Within the last 5 years the technology underpinning these instruments has matured to the point
where routine imaging can achieve megapixels per second over scan areas of square millimetres,
removing the limitations from AFM for industrial scale materials characterisation. This review
explains the technology and looks to the future use of HS-AFMs in materials science.

Introduction

Research in materials science often requires in-depth characterisation of bulk and surface properties of samples
from measuring the size distribution of nanoparticles to assessing impurities in steel, or performing quality
assessment on a batch of fabricated nanostructures. This array of applications call for a suite of appropriate tools.
The scanning electron microscope (SEM) is currently the gold standard in surface topography mapping for materials
science at the macro to the microscale. At the nanoscale however, materials science lacks a suitable tool that offers
rapid, accurate materials surface analysis over large areas.

Atomic force microscopyi has historically excelled at nanoscale imaging,2 but has been most popular for biological
studies only due to the small sample size and slow data-collection time. It has, as a technique, much to offer
materials scientists, were this size and speed limitation addressed. A key benefit is that it is not limited, unlike SEM,
to vacuum or low pressure environments; atomic force microscopy (AFM) is able to image well in gaseous or liquid
environments. The sample preparation is non-destructive and quick, and the resolution at the nanoscale is such that
atomic and sub-atomic features can be resolved.

High-speed AFM (HS-AFM) can offer the same resolution and imaging environment benefits as traditional AFM to
materials scientists at a vastly improved rate of data collection. HS-AFM provides a complementary technique to
existing toolsets and in most cases surpasses SEM in terms of resolution. HS-AFM also offers new functionality over
traditional AFM in the ability to observe processes, in real-time. This is functionality that is simply unavailable with
SEM and can offer extremely valuable insight into how processes catalyse and progress. HS-AFM also offers large-
scale imaging of areas millimetre or centimetre squared in size as discussed later. Figure 1 shows how the imaging
speeds of various surface characterisation tools compare. This review will introduce the field of atomic force
microscopy and detail the advantages high-speed AFMs can offer materials science.

Many SEMs have a resolution stated in the region a few nanometres, some SEMs may even have sub-nanometre
lateral resolutions and will typically take a minute to collect an image 2 um across at this resolution. Although SEMs
and AFMs can produce images which at first glance look similar it is important to understand that the tools are
complimentary in nature.a-s An AFM will produce a three dimensional map of the sample topography of the surface
with sub-nanometre lateral resolution and sub-angstrom height resolution, but is limited to imaging features which
are bound to the sample surface and with a very low aspect ratio (in the order of 100s of nanometres height change
per micron). Whereas SEMs are capable of collecting a two dimensional image of samples with a high aspect ratio.
While AFMs image just the surface of a sample (with the exception of a few specialised imaging modes) an SEM has



an interaction volumer7 associated with each pixel measured, this ultimately allows AFMs to exceed the resolution of
SEMs.g

Overview of atomic force microscopy

In this review, the various HS-AFMs that have been developed to date will be discussed in terms of their potential
and reported applications to materials science. It is necessary to first understand the main AFM imaging modes and
the key hardware elements underpinning the technique.
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Figure 1 schematic graph plotting how various surface characterisation techniques compare in terms of imaging speeds and image size
while maintaining the highest achievable resolution for each tool. © [Payton]

AFM is a member of a large family of related techniques collectively known as scanning probe microscopy (SPM).
Other notable members include scanning tunnelling microscopy,s,10 near-field scanning optical microscopyi1and
scanning ion-conductance microscopy.12 The common feature that these diverse techniques share is that they all
obtain high spatial resolution measurements by raster-scanning a probe with a sharp (less than 10 nm radius)
detection tip across the sample surface. The detection tip localises the interaction between the probe and the
sample, enabling extremely high-resolution images to be obtained.13 Figure 2 shows a schematic illustrating the basic
operating principles of AFM. Alternative scanning patterns may be used, such as the spiralis,15 or Lissajousis-1sin
order to avoid the high fast scan frequency necessary to build up the raster scan. However, due to the ease of
reconstructing the resulting image in software the raster scan is still the most commonly used scan pattern.
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Figure 2 Schematic diagram of a simple AFM. The cantilever’s response to the surface is mapped as the sample is moved under the
sharp cantilever tip in a raster pattern. An AFM cantilever is typically 100-300 um in length. © [Payton]

AFM imaging modes

To measure the topography and other properties of the sample, the probe must be moved from pixel-to-pixel in a
serial fashion. To control the interaction force between the probe and sample and prevent either wear of the
detection tip or damage to the sample, an electronic control loop is typically used to maintain a constant probe—
sample interaction force. There are several schemes for how this control loop can be implemented to control the
behaviour of the probe during scanning and the main three methods imaging modes in AFM have been named after
them. They are: contact modeis; intermittent contact mode2o,21 (also known as tapping mode) and; non-contact
mode.22



Contact mode

Contact mode was the imaging mode of the original atomic force microscopei and uses the simplest control system.
In contact mode, the probe is held in continuous contact with the sample surface during scanning. In this mode, the
force exerted on the sample by the tip of the probe is controlled by monitoring the deflection angle of the cantilever
beam and raising or lowering the probe to maintain a pre-selected deflection. In order to minimise the interaction
force normal to the sample surface contact mode, probes are typically designed and fabricated from silicon nitride
such that the cantilever beam has a very low spring constant (commonly between 0.006 and 1 N m-1). This
minimises the likelihood that the tip of the probe will deform or damage the sample surface. However, because the
tip remains in contact with the sample throughout scanning there are often large lateral interaction forces23-26 which
can lead to loosely bound or delicate samples being swept during imaging.27,2s

Intermittent contact mode

Intermittent contact mode was developed in response to a growing interest in studying biological molecules and
systems with AFM. During intermittent contact mode imaging, the probe is oscillated at its fundamental resonance
frequency and the detection tip ‘taps’ the sample at one end of each oscillation. A lock-in amplifier monitors the
amplitude of this oscillation (typically between 10 and 100 nm)29and raises or lowers the probe to maintain a pre-
set amplitude. This results in shorter probe—sample contact times and reduced lateral interaction forces at the
expense of increased normal interaction forces. The lower lateral forces enable intermittent contact mode AFM to
excel at imaging fragile biological samples.

Non-contact mode

The third imaging mode requires the most complex and sensitive control system. In non-contact mode the probe is
oscillated with much smaller amplitudes (10 nm or less) than intermittent contact mode which allows longrange van
der Waals interaction forces between the probe and the sample to be sensed and used to prevent probe-sample
contact.22,30,31 Due to the small margins for error in oscillating the probe close to but, without touching the sample,
successful non-contact imaging requires an extremely sensitive detection system and a fast control loop to maintain
the correct probe—sample separation. Good thermal and acoustic isolation of the instrument from the environment
are also critical. Noncontact mode exerts the least lateral or normal forces on the sample and is very useful for
measurements requiring the highest sensitivity and delicacy.13,22,32,33

Key AFM hardware elements

The main factor that has stunted the growth of use of AFMs in material science is its imaging speed. It typically takes
minutes to collect a single frame as the mechanical and electrical components of the microscope must move the
cantilever across the sample surface in order to build up an image. HS-AFM designs have improved the bandwidth of
each component of the AFM to allow a substantial increase in the pixel rate of the device as shown in Table 1. The
following sections detail each AFM component and explain how the design can be altered to bring them up to speed.

Probe design

The cantilever is the only AFM consumable and the development of batch processing methods for fabricating large
numbers of cantilevers at low cost3s-36 was pivotal to the growing popularity of AFM.37-41 Typically, the probe will be
made of silicon or silicon nitride. It will consist of a micro-fabricated cantilever beam with a sharp (usually etched)
detection tip located at its free end. AFM probes can be used in liquid or gaseous environments without alteration,
though the design considerations of the cantilever, its physical dimensions and material properties vary depending
on the AFM imaging mode it is to be used for. Probes intended for either intermittent contact or non-contact mode
are significantly different from those used in contact mode. Contact mode cantilevers tend to be hundreds of
microns in length with a fundamental resonant frequency of less than 10 kHz, while intermittent contact mode
cantilevers have a first resonance over 300 kHz. The control system for both imaging modes measures the amplitude
of the probe oscillation and is therefore limited in its response speed by the frequency of the oscillation. This makes
probes with high (300 kHz or greater) resonant frequencies very desirable so that the number of pixels measured
per second is high (500 s-1or greater) and imaging times remain small (10 minutes or less for a typical 512 x 512
image).42-46

Detection system

Numerous detection systems have been developed to measure the motion of the cantilever. By far the most popular
is an optical method commonly referred to as optical beam deflectionaz-49 (see Fig. 2) because it is easy to



implement using relatively inexpensive components. Other detection systems include: optical interferometer, so-s2
laser Doppler vibrometer,s3-ss astigmatic optical systems,ss-59 as well as non-optical methods such as incorporating a
piezoelectric strain gauge into the probe during fabrication.s2,60,61 The typical characteristics required of an
appropriate detection system for a conventional atomic force microscope are: a bandwidth greater than 1 MHz and
a sub-nm sensitivity to displacements and deflections of the cantilever beam of the probe.

Controlling the probe—sample interaction

The measurements of the deflection of the probe are input into a feedback loope2-s5 (a proportional integral
differential loopss) along with a user-specified setpoint value of deflection angle, oscillation amplitude or frequency
that should be maintained. The speed at which the feedback loop runs is determined by the speed of the slowest
component in it.e6 First there is the bandwidth of the detection system at the input, then the speed of the PID loop
itself and then finally the speed at which the PID output value can be turned into a physical motion of the probe to
keep the interaction force at the setpoint. Large amounts of work have been done to increase and optimise the
overall bandwidth of the feedback loop in order to make high-speed atomic force microscopes.ss Contact mode has
the fastest feedback loope7 as each time step in the loop does not require the cantilever to make at least one period
of oscillation before the measured signal can be acted upon, as is the case with intermittent and non-contact modes.
Instead the feedback loop can be fed the cantilevers response to the surface as fast as the detection system allows.

Scan stage design

The final hardware elements are the XYZ positioning stages responsible for translating the probe relative to the
sample surface. These must be capable of small steps (sub-nm in some cases) and fast linear motions. Typically,
piezoelectric actuators are used in conjunction with various mechanical assemblies such as flexure stages7s-76 to
create stable, smooth motions with negligible out-of plane vibrations and errors. The faster the stage can move in
the fast scan direction (see Fig. 2), the more lines can be collected per second leading to a smaller pixel size and
hence better resolution. The faster the stage can move in the slow scan direction then the higher the frame rate of
the AFM. The speed the stage can move at will be limited to the stiffness of the stage, the speed at which the
actuators can exert a sufficient force and the resonance frequency of the stage. Measuring and understanding the
positional errors of AFM scan stages is essential for correct interpretation and analysis of AFM images and is
especially important when mosaicking many AFM images to create large, high-resolution composite images.77,78

Table 1 showsa comparison of typical bandwidths of the key components in a traditional AFM and a high-speed AFM, the
shaded boxes indicate the current bandwidth limiting component

Hardware component Standard intermittent Standard contact High-speed intermittent High-speed contact
contact AFM mode AFM contact AFM mode AFM
Cantilever 285 kHzes 10 kHze9 2 MHz7o 10 kHze9
Detection system 2 MHz71 2 MHz71 2 MHz71 25 MHzs3
Control system and Z 10 kHz71 10 kHz71 150 kHz72,73 Physical limit not
actuator discovered
XY stage 10 lines per second71 10 lines per second71 15 k lines per second73 1-100 k lines per
seconde?

Limitations on sample type

The probe is easily contaminated with loose material from the surface or surrounding medium. This adversely
effects the radius of the tip, reducing the spatial resolution of the measurements and potentially introducing a
variety of tip shape induced image artefacts (double tip, tip convolution, etc.).79 The tip can also lose resolution

through tip wear.so

AFMs cannot measure the shape of the sample obscured by overhangs or down the sides of vertical structures. This
is because the detection tip of the probe cannot change the angle with which it approaches the sample surface. The
AFMs strength is in mapping a sample surface texture on relatively flat surfaces. They are not capable of imaging

surfaces with large changes in height, these samples are best imaged in an SEM.

Defining the ‘speed’ of an atomic force microscope

The speed of an atomic force microscope can be measured in many different ways. In this review ‘speed’ refers to
the number of meaningful pixels collected per second by the device. By meaningful we mean pixels collected at a
rate lower than or equal to the lowest bandwidth of the complete system so that the surface is not oversampled.




Other ways that the ‘speed’ of an AFM can be measured are the scan speed of the fast scan or the number of frames
per second imaging rate; both of these are not fair measurements of speed as the lateral resolution of the resulting
image often scales very poorly with an increase in scan speed due to a limited pixel rate. It is therefore fairer to
measure speed in pixels per second. As will be mentioned in the following section, an increase in speed allows an
increase in image rate without a loss in lateral resolution.

Materials applications

Due to the speed limitation of conventional AFMs, it did not take long before HS-AFMs were being developed. The
first attempt at creating a HS-AFM was by Barrett and Quate in 199181 and since then the greatest driving force in
the development of HS-AFMs has been from the field of biology. AFM rapidly became a popular and successful tool
for biological studies because of its ability to image molecular systems under their natural physiological
environmental conditions. However, while it was capable of generating high-resolution images of single molecules
the low temporal resolution of conventional AFM prevented biomolecular interactions (which typically occur on
second or sub-second timescales) from being observed and studied. Numerous research groups began developing
HS-AFM technologies to overcome this limitation and enable these molecular interactions to be measured
directly.s2,83

Although the development of HS-AFMs has been primarily for use on biological samples, they have found a use in
material science applications due to their unique spatial or temporal resolution. Some groups have now designed
HS-AFMs specifically for material science research. The following sections will discuss the various HS-AFMs that have
been developed in the context of their materials science applications. These examples have been placed into four
topics highlighting the strengths of the tool for; observing processes, imaging large areas, mapping different material
properties as well as height, and manipulating and fabricating nanostructures via HS-AFM.

Observing dynamic events

Historically, as explained above, the most common objective when developing a HS-AFM was to enable researchers
to observe fast (events that occur in minutes to milliseconds rather than tens of minutes or hours) nanoscale
processes directly. Conventional AFMs would provide, at best, a time lapse but may be incapable of doing anything
more than capturing before and after images from which the mechanism of the process must then be inferred. If the
process can be repeatedly started and stopped externally,ss or dramatically slowed, then a conventional AFM can be
used to create ‘snapshots’ of the surface during the process.ss-8o However, many processes cannot be controlled
with this level of precision, necessitating the use of a HS-AFM.

Single molecule interactions

One group above all others has pushed the boundary forward in terms of the capability of HS-AFM. The work of
Ando et al. at Kanazawa has produced a suite of HS-AFMs capable of observing nanoscale biological processes in
real-timeso-94 with 0.16 megapixels per second72and 100 ms per frame with a scan area of 113.6 x 113.6 nm.os
Throughout the biological AFM community this is a popular type of HS-AFM and has spearheaded the popularity of
HS-AFMs globally. Although capable of imaging in high-speed contact mode Ando’s HS-AFMs are best known for the
observation of biological events in real time using intermittent contact mode. Every aspect of Ando’s HS-AFM was
optimisedes,96-99 to achieve the greatest possible imaging rate while keeping the probe—sample interaction forces at
the extremely low levels required to image these delicate biological systems successfully and without damaging
them. Figure 3 shows select frames from a video collected using the Kanazawa intermittent contact HS-AFM.

In order to collect the data shown in Fig. 3 custom small cantilevers with resonances 600 kHz in waterioo were
designed and manufactured. A detection system with a bandwidth capable of measuring this high resonant
frequency was developedsi and a complex control system was implementedes which is capable of altering the
cantilever— surface separation every half period of oscillation of the cantilever, thus doubling the bandwidth of the
HS-AFM. A sample stage was built that was able to move the sample in the XY and Z axis with bandwidth necessary
to achieve the specification previously described. Although these alterations to the design of a standard AFM has
produced a world leading tool in terms of low forces on the sample they have introduced some severe limitations
on the size and type of samples which can be imaged. The sample volume must be less than 1 mms and the area
covered by each frame has only recently improved from ~113.6 x 113.6 nm to 40 x 40 um.101 There are still
limitations on how far this scan window can be moved, thus preventing large area maps from being made.



Figure 3 selected frames form Kodera et al.102 showing the motion of a single myosin 5 molecule ‘walking’ along an actin filament. The
scale bar shown is 30 nm.

One of the biggest drivers for the development of HS-AFMs was to obtain single molecule behaviour at video-rate
for the purposes of elucidating biological systems. The research of Ando et al. has been centred on this field, and has
resulted in a device capable of observing, in real-time, the motion of molecules.90,98,102-104 Figure 3 shows a myosin-
V molecule ~5 nm is size ‘walking’ along an actin filament with a gait of 36 nm.10s5 This is the process that transports
vesicles and organelles within cells.106 Although the process had been studied using optical traps previously,104 the
observation of the dynamic molecule lead to a more detailed understanding of the processes involved.

Although the work of Ando et al. is primarily on biological samples, it is not hard to see that the exquisite spatial
resolution and force control of the technique is readily available for transfer into the field of material science. Indeed



the Ando HS-AFM is beginning to be used to monitor the dissolution of photoresists for the next generation of
lithographic technologies.107,108

Dissolution of crystalline structures

Continuing along the theme of dissolution; the high frame rates of HS-AFM has been used to observe the dissolution
of crystalline nano or micro-structures in real time. These videos can provide materials science researchers with new
insights into the process with millisecond temporal resolution. Without HS-AFM the dynamics of temporally evolving
systems can only be extracted from bulk measurements such as titration reactions.10s However these experiments
do not give any information about the physical process occurring on the sample surface. Standard AFMs or SEMs can
provide pre- and post-data which may be used to infer a processii0 however a HS-AFM mapping the surface within
an in vivo environment can provide the full story.

Os 1s 4s 7s 1Ms
Figu re 4 selected frames, with time stamps in seconds displayed, from a HS-AFM video captured by Pyne et al.111 The video recorded

the dissolution of hydroxyapatite in a buffer solution a (3 x 3 um), and in an acidic solution b (1.5 x 1.5 um). Crystal dissolution can be seen
in b but not a

Pyne et al. have investigated the effect of fluoride treatment on the dissolution rates of hydroxyapatite (dental tooth
enamel) crystals under acidic environments.111 They used the Bristol contact mode HS-AFM with fluid flow through
cell (see Fig. 4) and compared the measured dissolution of hydroxyapatite. This showed significant spatial variation
of dissolution rates across the sample, which is attributed to the extremely heterogeneous nature of natural
hydroxyapatite. In addition, they reported a pronounced reduction in dissolution rate for the fluoride treated
enamel.

The Bristol contact mode HS-AFM112 makes use of a passive physical control loopi13and uses the displacement of the
cantilever above the tip49,s53,54to map the surface topography. In the absence of a ‘per pixel’ control loop the device
is able to operate at megapixels per second.s7 Another example is the dissolution of calcite crystals,4sas shown in Fig.
5. Brausmann et al. makes use of a parallel- kinematic piezo based flexure stagez4,75 that is capable of imaging
samples up to 23 x 23 um images at 10 frames per second. This particular HS-AFM makes use of small (20 um long)
cantilevers operating in conventional contact mode.

The dissolution of Calcite had been reported previously by Hillner et al.s9 at 22 seconds per frame, and Paloczi et al.43
at 1.2 seconds per frame. With each increase in imaging speed and frame rate the dynamics of the process is shown
in more detail. Brausmann’s data in Fig. 5 for example shows a layer of calcite dissolving in 1.4 seconds, if imaged at
lower rates this dissolution would not be recorded accurately as much of the calcite would have dissolved before the
image had finished being collected. That is to say one end of the image would show the calcite layer intact while the
opposite end would show it dissolved. It is important to have a frame rate faster than the dynamics you wish to
observe. In order to maintain the spatial resolution required, a HS-AFM is therefore needed.

By observing material dissolution with nanoscale resolution, HS-AFM have demonstrated how inhomogeneous the
process of dissolution of the sample surface is. It is also clear that the macro scale observation of the dissolution
process is controlled by the structures present at the nanoscale, and only observable directly using HS-AFM.
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Figure 5 selected fames from a HS-AFM video collected by Braunsmann et al.as Over the course of 2 s the dissolution of Calcite crystals
is observed.

Magnesium chloride crystallisation

The formation of nano and micro structures can be observed in a similar fashion. The following example of
crystallisation was observed during a studyi14 that aimed to optimise the magnesium chloride concentration in a
DNA buffer solution. It is a good indicator of the capability of HS-AFM to observe nucleation and measure growth
rates.11s The large area imaging capability of the HS-AFM is as important as the fast imaging and high resolution in
this case as it is difficult to predict where the nucleation sites might be. If they are disperse on the sample a
technique that can find these rare features quickly is needed.

It was found that at high magnesium chloride concentrations the two dimensional crystals formed and their growth
could be observed via a contact mode HS-AFM as shown in Fig. 6.

Provided sufficient ambient humidity is present the magnesium chloride crystals were found to form spontaneously.
Within the field of metallurgy, the growth of salt crystals on a surface can be the first step towards the corrosion of
that material.116-119 However, it was also found that the action of imaging the sample surface was also enough to
initiate the crystallisation process. Once nucleated, the crystals were found to continue to grow until the whole mica
surface was covered. Although crystal growth was also observed in areas which were not imaged, using a HS-AFM,
as with any other SPM, carries the risk of interfering with the sample dynamics and this must be taken into account
when planning experimental observations.
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4 microns
Figure 6 selected frames form a Bristol contact mode HS-AFM video collected by Picco et al.116 Each frame measures 4 x 4 um in size
with a pixel size of 4 nm, and was collected in 500 ms. The magnesium chloride crystals measure 1.2 nm in height. © [Payton]

Crystallisation of polyethylene oxide

Polymer crystallisation, especially in thin-film samples where surface effects can exert significant influence
compared to bulk crystallisation behaviour, is very important because polymers are widely used as thin-film layers
and coatings for a range of commercial applications.120,121 A HS-AFM (VideoAFM™122) was used to directly measure
several rapidly occurring polymer crystallisation processes. 123 The use of HS-AFM provided a real-space technique
(rather than modelling or bulk measurements over many events) that could unambiguously measure key events,
such as nucleation and crystal growth, directly. This application generated data that was used to confirm the validity
of particular growth models.124-126

This is the first study where high growth rates can be observed with high spatial and temporal resolution (normally
fast growth is measured with optical microscopy, which is inherently limited to low spatial resolution by the
diffraction limit of light).

Corrosion of steel

The World Corrosion Organisation states that the current cost of dealing with corrosion globally is over 3% of the
worlds GDP at $2.2 trillion annually.127 Despite this large value, knowledge of the fundamental underlying processes
is missing for many systems. Although the chemical processes may be well understood the time resolved process by
which corrosion initiates and develops at the nanoscale in certain systems is not.128 This is due to the environments
in which corrosion typically occurs. In order to observe corrosion in real time, the sample must be mapped in a
controlled gaseous or liquid environment. This prevents SEMs from being used to gain time resolved images of
corrosion. HS-AFM has the temporal and spatial resolution and is able to image samples within in vivo conditions.
Directly observing surface corrosion processes via HS-AFM is a challenging objective. When the corrosion occurs in a
liquid environment gasses can be produced that can easily damage the delicate cantilevers or shield

the sample under a bubble (see Fig. 7). When using any AFM, nano- and micro-sized gas bubbles have such high
pressures inside that they appear almost solid to the AFM probe.129 Figure 7 shows an optical view of an AFM
attempting to image a pit forming in type 316 steel. Despite the bubbles attached to the spare cantilevers on the
same chip, the tip of the currently used cantilever with the detection laser at its tip is still able to image the surface.
However, the pit which is forming is shielded by bubble formation. Video rate data can be collected if the rate of gas
production can be kept below the gas dissolution rate in the liquid. This can be achieved using a flow through liquid
cell.



Figu re 7 Optical image taken through an AFM showing bubbles effervescing from a corrosion pit (highlighted) in type 316 steel.
Multiple bubbles have become attached to the spare cantilever’s tips. The currently used cantilever with the detection laser at its tip
(centre of the image) is still able to image despite the bubble attached to one of the cantilever legs. © [Payton]

The following example of observing nanoscale corrosion carried out by Laferrere et al. demonstrates the use of the
Bristol contact mode HS-AFM to observe and better understand stress corrosion cracking in thermally sensitised
type 316 steel.130 The role of carbides in corrosion initiation is not fully understood and an experiment was designed
to record the first stages of corrosion involving carbides at grain boundaries within a chloride environment.

Corrosion was simultaneously monitored and driven using a potentiostat to polarise the sample131and record the
electrochemistry of the system using a three electrode fluid cell.132 It is possible to use the cantilever itself as an
electrodei3s however in the example shown the surface formed one electrode and the remaining two are suspended
close to the cantilever in the chloride solution. Figure 8 shows two frames from the HS-AFM video that was taken

during the experiment, showing carbide dropout. Images were taken every 500 ms and a grain boundary was
located and observed during the polarising of the surface and the corrosion that followed.

25.0 nm
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Figu re 8 Two selected frames from the Bristol contact mode HS-AFM showing pre and post carbide drop out in a type 316 steel sample
collected by Laferrere et al.130 Each frame measures 4.3x4.3 um in size and took 500 ms to collect with a pixel size of 4.3 nm

The successful outcome of this study has demonstrated the clear capability of HS-AFM to augment existing corrosion
observation technologies, such as electro-chemical cells, to provide new insights into corrosion behaviour at the
nano scale.



Summary

The HS-AFM allows dynamic events to be imaged at the nano and micro scale in controlled environments. The
operation of HS-AFMs is also made more intuitive by being able to rapidly adjust the imaging settings and by
instantly seeing the resulting image.134 Similarly, video rate HS-AFMs are typically able to change the size of the
imaging window such that the user can zoom into a section of the sample to view a feature in more detail. In this
way, the operation of the AFM is becoming more like that of the SEM or optical microscope.

Large area, high-resolution surface characterisation

There are many situations within material science where macro sized areas require imaging with nanometre
resolutionss,135- 138; these can fall under three main areas. The first is that a large image is needed to map the
distribution of nanostructures over a large area. The second is that a greater area is required to be imaged in order
to gather better sample statistics. The third is when the operator is interested in locating a rare nanoscale structure,
or confirming that such structures are not present on a sample. All three are responses to the fact that at the
nanoscale very few samples are homogenous. Most current analysis techniques map a small area and assume that
the area to be representative of the whole surface which is often not the case, e.g. Lui et al.139 Multi-beam
SEMs140,141 have been developed which can collect gigapixels per second using up to 91 parallel beams.142 These
tools can cover similar areas to HS-AFMs, however they have the same disadvantages as traditional SEMs when it
comes to resolution and imaging environments.

Instead of collecting a video of a surface, the high pixel rate of HS-AFM can be used to image large areas with the
same exceptional resolution AFM is known for. There are many ways that a HS-AFM can map large areas, from using
arrays of AFM probes operating in parallel to offsetting the image area and tiling sequential HS-AFM images
together. The following sections detail, through specific examples, work done to date in this area.

Imaging large structures

In the early 2000s, IBM developed what was hoped to be the next generation of data storage devices. The
‘Millipede’143,144 was a technology based on a parallel array of AFMs. It used array of 1024 AFM probes to achieve a
thousand-fold increase in read-write rates. Each probe could be actuated independently in Z to produce 1024
images in one motion of the imaging head (typically scanning at 10 Hz over a 92 um range). Each of the probes was
fitted with a thermal tip capable of writing structures in a thin polymer layer by locally melting the surface to write a
bit on the surface. Ultimately, the technology was beaten in terms of data density by flash drives and the
development of higher density magnetic disks. Although the most famous of the parallel HS-AFMs, the Millipede
project is by no means the only version of this type, nor the first. In 1998, Minne et al. made use of up to 50
cantileverseoin a line array, to take images a centimetre in size.s1 Using a 10 cantilever array Minne et al.
demonstrated the production of a 2 x 2 mm composite image of an integrated circuit with a pixel size of 400 x 400
nm. Using a tip scan speed of 1 mm s-1, it took half an hour to produce this 25 megapixel image from 400 images.
While this pixel rate is high, the pixel size is not suitable for very high resolution imaging. With multiple cantilever
systems, each cantilever can operate at conventional AFM rates using readily available scan stages and avoiding the
complex or high-bandwidth components required by HS-AFMs. However, each probe requires a separate detection
system and this rapidly increases the overall complexity of the detection system electronics. Since optical detection
systems do not easily scale it is common to find that each probe is self-sensing. 61,145-147

More recently Seong et al. and Somnath et al. have both made use of a parallel HS-AFM to create composite images
hundreds of microns in sizeiass,148 (as shown in Fig. 9). The HS-AFM used to collect the image in Fig. 9 made use of a
custom probe chip containing 30 probes sensitive to heat loss at their tips (which is proportional to the distance
between the tip and the surface) to plot the presented image.



0.510 mm

0 63 126  189nm
Figu re 9 composite HS-AFM image collected by Seong et al.145 using a custom cantilever chip consisting of 30 heat sensitive
cantilevers in parallel

There are however drawbacks to multi-probe AFMs. Although they are capable of collecting large amounts of data in
a short time, they require custom cantilevers that can be expensive as the technique has not yet become as main-
stream as single cantilever methods. Due to the plate or line nature of the cantilever arrays used in parallel AFMs
and the limited vertical range of each cantilever, parallel probe HS-AFMs have found their niche in imaging and
writing nanostructures to very flat surfaces free of any sample slope.

Looking for rare features

It is important for quality control to know if structures are present on a surface, or indeed not present on a surface.
Silicon fabrication often requires nanometre resolution over millimetre sized areas in order to assess masks for
errors or for quality control during silicon integrated circuit production.149,150 Indeed AFM calibration samples are
often manufactured using the same silicon fabrication techniques used for integrated circuits.1s1 If a large area piezo
stage is being used, such as the one used on Ando’s or Braunsmann HS-AFMas,101 or a large area voice coil scanner
such as the one used by Klapetek et al.1s2and Barnard et al.,153,154 then a larger area (typically tens of microns to
millimetres across) may be imaged as a single data set using a conventional raster scan. The use of voice coils to
replace piezos as a means to achieving greater scan sizes can be traced back to Cantu et al. in 1987, where they were
first used on a scanning tunnelling microscope,1ss and by Mariani et al. in 1998 on AFMs.154,156

When looking at low mass samples, voice coils offer a very attractive alternative to the more commonly used piezos.
While they are not capable of providing the high forces and mechanical stiffness necessary to achieve fast scan rates
in excess of 1 kHz, they are capable of far larger motions (millimetres or larger) without the high voltage supplies
required by piezo-driven systems. Although the use of voice coil scan stages lowers the achievable scan frequency,
the tip is still able to cover similar integrated distances to piezo systems at speeds over 1 mm s-1. There are
important considerations to take into account when using this approach, such as the thermal drift in the process of a
single line scan. It is therefore typically necessary to run these large area stages in a closed loop fashion with
metrological sensors constantly monitoring and correcting the position of the stage as it moves.157-159

As the length-scales of manufacturing techniques decreases, the need to carry out quality control over the processes
will require tools with higher resolution and greater range than is available with the AFMs currently used. The
authors expect HS-AFM to be a technology that will compete to fill this requirement in areas such as nanoparticle



characterisationieo,161 where the presence of rare, low concentration features must be found rapidly. Another
example may be in the situation where a sample, such as a lithographic mask, may be damaged at the nanoscale and
must be assessed. Such damage could be caused by radiationie2 or crystal defectsis3and would otherwise be very
hard to map using an SEM or AFM.

The strength of HS-AFM to find rare nanostructures comes from the tools capability to image large areas without the
drop in resolution associated with standard AFMs attempting to image ~100 pum sized areas. Typically HS-AFM have
a preprogramed search pattern, usually a raster scan, which is usually hardware defined in the case where parallel
cantilevers are used. However if a smaller HS-AFM window is translated about the surface then it would be possible
to intelligently control the search for features of interest or follow nanostructures across the sample surface.112

Better sample statistics

It is possible to construct a large area map by moving the HS-AFM fast scan stage and combine the resulting images
using custom softwarers,113,164-167 to generate a composite HS-AFM image. This has several advantages as the user is
able to observe the local imaging of the sample as the surface is translated under the cantilever tip allowing the
quality of data to be assessed in realtime. 133 Using this method, the lateral pixel size of the image is now no longer
affected by the size of the large area being mapped as there is no limit on the number of pixels in the final image,
provided a computer can reconstruct the image. A single probe and detection system can map the whole area. This
is particularly good for gathering sample statistics of nanostructures since results would not need to be calibrated
from one tip to another as in a parallel HS-AFM setup.

With the piezo flexure stage mounted on top of a crossed pair of piezo stiction drive stagesi11,168 the Bristol contact
mode HS-AFM is able to map centimetre sized areas. The data from each frame can either be processed in real-time,
to extract the important measurements (e.g. particle size distribution) and the image then discarded, or the final
image can be constructed and then analysed. Software can be written to process and analyse the image in order to
identify and count the number, location, or properties of specific structures. The data can then be presented in a
way that describes the nano features of interest without the full (often multi-gigabyte) image having to be displayed.

An example of this application and the capability to analyse a large area and condense a full resolution image into a
single plot is work done on characterising 2D materials by Howard et al.169 In this situation, the HS-AFM is used to
assess the quality, surface area and yield of exfoliated titanium disulphide monolayer sheets.

Figure 10 shows a section of a composite image collected using the Bristol contact mode HS-AFM and the measured
monolayer thickness data plotted in a histogram. Software was written to measure the step height of each flake as
described in Howard et al.169 From these measurements the mean thickness was measured as 1.067 nm. The
advantage of this technique is that a far larger area on the surface can be analysed when compared to conventional
AFM, thus allowing orders of magnitude more flakes to be characterised.170-172 HS-AFM brings with it the power to
reach a statistically valid measurement without requiring the user to determine a representative region (which is
often a very subjective process) of the sample for a publication.

In order to build a composite image of the sometime tens of thousands of individual HS-AFM frames, it is important
to understand the sources of error in the linearization of each frame77,78,152 and to correct for this.7s,173 This can be
carried out using metrological sensors77 on the fast and slow axis proving traceability for any errors or in software
using a feed-forward control on the waveform generation for the two axis.74
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Figure 10 a HS-AFM composite image of TiSz flakes only 1 lattice space thick on a mica substrate. The image was collected using the

Bristol contact mode HS-AFM and is a small section of a much larger dataset. b Histogram of step heights as measured using an automated
process as described in Howard et al.169 The mean lattice thickness was measured to be 1.067 nm.

Summary

It is the authors opinion that single probe HS-AFM have greater versatility and flexibility compared to multi-probe
HS-AFMs for applications to large area mapping. In particular, the fact that a single probe HS-AFM provides a very
responsive, video-rate image of the sample surface (rather than slowly compiling an image over tens or hundreds of
seconds) enables the user to rapidly respond to changes in tip quality (through contamination or tip wear) and to
rapidly respond to any issues with sample quality or instrument function.

Mapping material properties other than topography

Since the probe tip is in physical contact with the surface, it is capable of measuring the material properties of the
sample at the nanoscale, often in a non-destructive manner. Such modes enable AFMs to map: topography as has
been shown previously, friction,23,26,174 adhesion,175-177 or nano-mechanical properties such as local stiffness, 40,17s-
185 electricaliss, 187 and thermali43,188 conductivities. The following sections detail the use of a HS-AFM to map
material properties. These techniques could be used to either observe a change in the property being measured
with time as a video or to map the property over large areas, often simultaneously with the sample topography.

Hardness

It is often important to identify nanostructures within a bulk material as these nanostructures can affect the
mechanics of the bulk material.191,194 An example of this is in type 316 steel commonly used in high value plant
components. Inclusions within steels such as carbides or sulphides, if not dispersed evenly throughout the bulk, may
locally affect the material strength, 195 ductility196 or hardnessigs,197 possibly to the extent that the properties of the
steel are no longer within designed tolerances.

As an essential component in steel, the distribution of carbon at the nano and microscale affects the local properties
of the bulk material. An increased concentration in the form of carbides increases the hardness of the steel but also
how brittle the steel is.198 SEM elemental mapping techniques such as energy dispersive x-ray (EDX) are traditionally
very poor at characterising the quantity of carbon present on the sample due to surface contamination by the
electron beam depositing material on the surface during imaging.199

HS-AFMs have been used to assess the distribution of carbides within type 316 steels.189 The process relies on the
specific sample preparation steps to enable the HS-AFM to map carbides due to their increased hardness.190 By
mechanically polishing the sample, harder regions remain proud of the surface while softer regions are polished
away leaving lower structures in the topography map. This hardness induced topography is of the order of
nanometres (as shown in Figs. 11 and 12c) with the topography being proportional to the hardness of the local area
on the surface. Due to the sample preparation the process is not able to give a quantitative hardness measurement,
instead a relative hardness map is produced.
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Figure 11 composite HS-AFM hardness map. Collected using the Bristol contact mode HS-AFM by Martinez-Ubeda
et al.189 The sample was mechanically polished following the protocol outlined in Warren et al.190 Data were collected
at 2 megapixels per second and a frame rate of 2 fps with a pixel size of 3 nm. The 27 megapixel map was collected in 50 s.

This method is able to map grain boundaries, twins, inclusions, carbides and cavities clearly right down to the
nanoscale.1s89 Figure 11 shows hardness induced topography over a 240 umzarea of type 361 steel prepared
following the instructions outlined by Warren et al.190 The composite map was collected using a contact mode HS-
AFM at 2 megapixels per second with a pixel size of 3 x 3 nm and 500 ms per frame. The whole 27 megapixel
hardness map was collected in 50 s.

It was found that a steel sample exposed to high pressure, temperature, and high carbon environment forms nano-
and micro-sized carbide structures that are particularly hard to map using existing techniques due to their size. Using
the sample preparation described previously these carbides can be mapped using the same contact mode HS-AFM
used to collect the data shown in Fig. 11.

Figure 12b shows an example of a large area composite image (~10 000 umz) mapped using the Bristol contact
mode HS-AFM of a type 316 steel which has been prepared as described previously. The image is over 600
megapixels in size with a pixel size of 4 x 4 nm and took under 20 minutes to collect. A corresponding SEM image is
also shown in Fig. 12a for comparison. While the SEM successfully maps the grain orientation which is apparent as
light or dark grey areas, it does not have the resolution necessary to image the nanostructures present in the sample
topography as shown in Fig. 12c, which is a full resolution frame from the HS-AFM Fig. 12b as indicated.
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Figure 12 comparison of HS-AFM to SEM while imaging the same 100 x 98 pm area of type 316 steel. The sample has been
mechanically polished in order to show the hardness in the topography. a The SEM image to the same scale as the Bristol contact mode
HS-AFM composite image shown in b. ¢ A zoom onto a single HS-AFM frame on a grain boundary at the location

shown in b. © [Payton]

To date the best way of viewing these carbides has been to use a focussed ion beam to prepare a cross section for a
transmission electron microscope (TEM),200 or to chemically etch the polished sample surface and observe the
resulting pattern using an SEM, 201 or to use a standard AFM.202 These methods all have limitations; the TEM has a
significant resolution advantage over SEM but is only capable of imaging a small sample area. The SEM is not capable
of observing the smaller carbides such as those within the grain boundary of the metal. AFM, like TEM is just too
slow to allow statistically valid areas to be mapped. HS-AFM has the benefits from both the SEM and TEM when
characterising carbides.

The ability of HS-AFM to measure hardness in a repeatable fashion over the same sample area (unlike
nanoindentation) 203 means that hardness mapping could be carried out as part of an existing sample
characterisation workflow. The downside of using this technique is that it will only provide a relative measurement
of hardness, as the absolute relationship between hardness and topography will rely heavily on the type and
duration of the polishing during the sample preparation. Common sense must be used in the interpretation of
hardness induced topography maps as polishing artefacts such as scratches and the removal of loose surface
features can be present on the surface. Following the protocols set out by Warren et al.190 will minimise the
presence of artefacts.

With the ‘Big Data’ that HS-AFMs can produce, software has been designed2o4 to map out typical features found
across many materials. Using this software, the huge amount of data collected during a HS-AFM large area map can
be condensed down to answer the questions posed by the operator.

This software has been used to great strength when assessing the carburisation of steel components in samples
similar to those described above.204 Figure 13 shows it is possible to measure thousands of carbides across hundreds
of microns and map their distribution. These values can be placed into computer models20s-207 and used to predict
how a growth in density of carbides can affect the strength of type 316 steels with time. The software uses a local
threshold to identify features with positive relief. In the future more advanced machine vision and learning
processes could be incorporated to better distinguish signal from noise.20s
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Figure 13 Three plots of the example data that can be extracted from a large area HS-AFM map, in this case the map shown in Fig. 12b
has been processed to extract data about the number and density of inclusions (carbides). a The coordinates of the carbides on the
sample, b shows a histogram of the percentage of the sample containing carbides in from the edge of the steel (at 100 um), and c shows a
histogram of the carbide size in nmz. In this heavily carburised area 41 730 carbides were mapped. © [Payton]

Mapping stiffness variations with contact resonance force microscopy

Using a technique called contact resonance force microscopy (CR-FM)209-211 coupled with a contact mode HS-AFM it
is possible to measure the relative stiffness of a sample simultaneously with the samples topography at each pixel.

CR-FM measures the stiffness of the sample by observing the frequency shift of a deflection mode resonance peak of
the probe as the tip moves from one material to another.ss,182,210,212 Figure 14a shows the schematic of a CR-FM
system. By assuming that the properties of the cantilever remain constant, any frequency shift in the coupled
cantilever—local sample system is assumed to be due to changes in the local sample stiffness. The reference signal
from the lock-in amplifier is used to excite the cantileveriss of the HS-AFM at a frequency located on the downward
slope of a resonance peak of the cantilever that has a stiffness associated with it that is similar to the stiffness of the
surface being observed, as shown in Fig. 14b. The user selects a specific peak by carrying out a frequency sweep of
the lock-in frequency, until contrast is observed in the image. The CR-FM then infers a relative stiffness from an
observed frequency shiftizs,209; the stiffer the local sample the higher the resonance frequency of the system. With
knowledge of the cantilever properties, it is possible to calibrate the CR-FM signal into a Young’s modulus value of
the local sample under the cantilever tip.178
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Figure 14 a schematic model of the contact resonance method. The local surface under the tip has stiffness ksand the cantilever mode
has stiffness k¢, the combined stiffness kcr of the local sample—cantilever system is measured by observing shifts in the resonance
frequency of the system, as kcis assumed constant, kscan be inferred. b A schematic of a plot of lock-in amplifier amplitude against
frequency. The dotted line shows the position and shape of the resonance peak material 1 (M1) and the dashed is the resonance curve for
when the tip is on material 2 (Mz2). The curve for M2 has a peak at a higher frequency than M signifying that Mz is stiffer than M. In this



form of Contact Resonance the lock in frequency is maintained at the frequency marked with the arrow on the frequency axis. As the tip
moves from material 1 to 2 the lock in amplifier signal increases from A1to A2. © [Payton]

Standard CR-FM typically uses the fundamental resonance of the system,200 however there are two very important
benefits of using higher modes in the systema2io; first a soft fundamental mode allows for lower forces to be
imparted into the sample, thus the sample is at less risk of damage; and second the higher frequency associated
with the higher mode of the cantilever allows for a faster time constant in the lock-in amplifier and hence more
measurements of stiffness to be made per second. The down side of using higher modes is that the errors involved
with calibrating the higher modes can be as high as 60% in the second eigenmode213 and progressivelyworse with
mode number. The technique make use of a thermal spectra of the cantilever’s motion which potentially limits the
maximum mode used due to the signal to noise ratio of the detection system. Therefore data collected using a
higher mode number such as the data in Fig. 15 often just show a relative contact resonance amplitude.

Figure 15 shows example data of high-speed CR-FMcollected using the Bristol contact mode HS-AFM by Payton et
al.189 The composite contact resonance map shown in Fig. 15 shows islands of titanium evaporated onto a silicon
substrate. To show that multiple materials can be identified collagen fibres have also been laid across the sample
surface. In Fig. 15, the HS-AFM height data is used to create the 3d image and the simultaneously collected

CR-FM data was used to provide the colour scale. In this figure, the stiff silicon surface is strongly differentiated from
the softer evaporated titanium islands and the deposited collagen fibres. The technique has been shown to have
excellent spatial resolution as the contact resonance frequency shift occurs instantly as the tip moves from one
material to another.
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Figure 15 composite CR-FM map of a 16 x 9.8 um area of titanium (110-125 GPaz14) patterned silicon substrate (165 GPa214) with a
collagen fibre (1-10 GPa214) deposited diagonally across. The titanium, which is softer than the silicon has far lower contact resonance
amplitude compared to the silicon. The contact resonance signal has been placed as a texture over the sample topography which was
simultaneously collected. The 13.5 megapixel map was collected in under 30 s by Payton and Picco et al. using the Bristol contact mode
HS-AFM1g9

It is expected that with further work on the calibration of the stiffness of higher deflection modes in AFM probes,
CR-FM will overtake nano-indentationz1s-217 as the preferred method for mapping out stiffness variations across a
surface. CR-FM is capable of mapping out a relative stiffness in a non-destructive,218 repeatable fashion with tip
convoluted resolution. When compared with nano-indentation, CR-FM becomes an attractive alternative given the
destructive nature of nano-indentation and the reduced resolution of the technique due to the stress field induced
in the sample by the indent.217 While there are alternative methods to CR-FM for mapping the local Youngs Modulus,
such as Peak Force AFM these require a force curve for each pixel coordinate. 219 The fastest to date making use of
small cantilevers only 10 um long has demonstrated the capability to collect 300 pixels per second,219 however it is
unlikely that the pixel rate will increase much beyond this value do to the difficulty in using such small cantilevers in
practice.



Piezo-response force microscopy

The piezo-response response of a ferroelectric thin films220,222 can be mapped at high speed using a technique called
high-speed piezo force microscopy (HSPFM)223 developed by Nath et al. The technique allows the observation of
domain nucleation and growth in ferroelectric materials. An AC bias voltage is placed between the ferroelectric
material sample and a conductive probe. The bias causes a piezoelectric effect within the ferroelectric material
which causes a displacement to be measured by the HSPFM probe. The frequency of the electrical AC signal is
chosen to be near a contact resonance peak to enable a mechanical amplification of the signal. A lock in amplifier
measures the phase of the probes mechanical response to the AC electrical signal. Nath et al.223 use the phase to
map the domain orientation sample directly under the tip with a lateral resolution of 5 nm. A ‘stroboscopic
technique’ was used to allow the domain orientation flipping to be recorded at each pixel with 49 us temporal
resolution. Due to the flatness of the sample (sub-nanometre rms roughness) the control loop was disengaged on a
commercial AFM (Asylum Research MFP- 3d-SA) which allowed a frame rate of six frames per second (128 by 128
pixels). Such experimental setups allow the dynamics of domain flipping and grown to be observed.

Coefficient of friction

The capability of HS-AFMs to repeatedly image the same area at high frame rates allows the tool to carry out
parameter sweeps of the physical properties of the sample in a fraction of the time compared to a conventional
AFM.26,221,224 Bosse et al. varied the load the cantilever places on the surface in each frame while measuring the
difference between the maximum and minimum tortional signal from a contact mode HS-AFM.76 The resulting data
allows the coefficient of friction of a material to be plotted at the nanoscale. Figure 16 shows a coeffiecient of
friction map collected by Bosse et al. The surface contains silicon dioxide and a round exposed gold region.

Coefficient
of Friction
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Figure 16 Data from Bosse et al.23 by varying the load on the surface and observing the torsional motion of the cantilever the
coefficient of friction can be mapped at the nanoscale. The figure shows the contrast between a substrate of SiO2and an exposed circle of
Au.

Atomic resolution of stick-slip events

By using small range piezos in their flexure based parallel-kinematic sample scanner Braunsmann et al. have
demonstrated the ability to show atomic resolution in the form of the stick-slip effect on muscovite mica {001}
cleavage plane at 3 frames per second over a 2.8 x 2.8 nm image Fig. 17.45 Although the topography of the atomic
lattice of the mica is presented only in the stick-slip of the cantilever passing over the surface, the resulting pattern
matches the expected hexagonally arranged SiO4 and AlOatetrahedrons. The demonstrations of atomic and
molecular resolution using HS-AFM are a testament to the extreme precision, accuracy and control of the tip-surface
interaction forces possible even at pixel rates of 0.5 megapixels per second.



Figure 17 selected frame from a HS-AFM video recorded at 3 frames per second collected and published by Braunsmann and
Schéffer.ss The data display atomic stick slip on a muscovite mica {001} cleavage plane

Summary

As HS-AFM technology develops further, AFM measurement techniques will be translated and integrated into the
HS-AFM suite of capabilities. Currently, the main limiting factor for the collection and mapping of quantitative
material property values is the lack of reliable methods for the calibration of the cantilever probes used. Although
there are existing techniques for the calibration of the fundamental bending mode, 225,226 many of the mapping
techniques require knowledge of the stiffness of the probe’s higher bending and tensional modes. Work is being
carried out in a number of laboratories around the world210,213,227,228 to calibrate the properties of these modes.

Fabrication of nanostructures

It has been demonstrated that HS-AFMs can be used to aid material science by observing and mapping samples.
However, this is by no means the limit of the tool, the high sample throughput and resolution, coupled with the
physical nature of the imaging tip, means that the HS-AFM can also be used to mark, pattern and print on material
surfaces. AFMs and HS-AFMs are capable of writing these structures to surfaces,s2,143,145,167,229-244 in a technique
called nanolithography. As with many of the imaging modes, the methods described here have been transferred
from standard AFMs. The ability for HS-AFMs to write nano and micro-structures to surfaces enables larger areas to
be covered compared to standard AFMs. As with the variety of imaging modes available to HS-AFM, there are
numerous nanolithography modes which have been used on HS-AFMs. The following section explains the different
modes of HS-AFM nanolithography.

Local oxidation-based nanolithography

Nanostructures can be written to surfaces using localised oxidation167,229,236,238-241,245,246 of the substrate. This is the
earliest form of AFM-based nanolithography247and, as shown in Fig. 18, structures are written to the surface by
applying a bias between a conductive surface and a conductive cantilever. The sharp tip of the probe concentrates
the electric field, creating oxyanions within the fluid meniscus, which locally oxidises the surface under the tip. In the
case of a silicon24o,246,248 the silicon oxide produced is less dense and so stands proud of the surface as a structure.
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Figu re 18 schematic of a conductive AFM cantilever performing local oxidation of a silicon substrate in order to write nanostructures
to the surface. By placing a potential between the tip and the surface oxyanions are produced which react with the silicon surface to build
oxide structures which are less dense than the standard substrate and so stand proud of the surface. © [Payton]

The size of the structure is dependent on the number of oxyanions produced. This number is proportional to the
amount of time the tip is at any given location and the bias voltage between the tip and surface as described by
Vicary et al.241 By pulsing the tip bias on at the same location in the frame as a HS-AFM scans, a surface structure can
be written in real-time. The process depends on the ambient fluid layers on the sample and tip. It is therefore
important for the humidity and temperature of the imaging environment to be controlled during the writing process.
The aspect ratio of these structures can be further enhanced using plasma etching after the initial structures have
been written.2a8 The structures shown in Fig. 19 were written to the silicon substrate using the Bristol contact mode
HS-AFM using a tip bias of -10 V. The same oxidation nanolithography has been used on HS-AFMs making use of
multiple cantilevers to parallelise the process across macro sized areas.167

Figu re 19 contact mode AFM image of nanostructure written to the silicon substrate using the Bristol contact mode HS-AFM.

Thermally driven modifications

Nanostructures can be written to surfaces using heated probe tips. Due to the small thermal mass of the tip,
temperature gradients of 1000°C ps-1can be achieved.146 This allows structures to be melted into a polymer
substrate even when the tip is passing across the surface at speeds in excess of 20 mm s-1231 allowing high
throughput of high aspect ratio nanostructures. Parallel HS-AFM systems can be equipped with thermal
nanolithography capabilityi4s as shown by the original IBM Millipede system143 and Illinois’ heated micro cantilever
array system. 148 IBM’s Millipede made use of multiple (an array of 32 x 32) cantilevers in an attempt to use the
process for data storage, achieving storage densities of 0.394 Gb cm-2.144 Each of the micro-cantilevers had an
independent heating element at its tip capable of melting small areas of a polymer substrate to represent bits.
Ultimately, the storage density of magnetic media and flash based ICs surpassed the densities achieved by the
device, and work was discontinued. However, thermal tips can also be used to alter the chemistry of a surface, such
as creating graphene oxide on surfaces of graphene242,249 or writing graphene structures by thermally reducing
graphene fluoride,243 which provide many new opportunities and application spaces for this technology.



Dip pen nanolithography

The previous two types of nanolithography are very well suited to HS-AFM, as the time to write a single pixel is fast.
The Dip pen technique232,233,250,251 is slower per written pixel, however, it allows a wide range of materials to be
‘printed’.251,252 The method flows a fluid of the material to be written to the nanostructures down the tip which is
then placed onto the surface just like ink from a pen.2s2 The technology has been converted into a high-speed
nanolithography technique by using arrays of tens of thousands of tips to write thousands of structures
simultaneously.s2,253,254

Plowing

Plowing is a nanolithography method which uses the physical tip of the cantilever to mark the surface.2s5-257 It has
the advantage that almost any sample can be patterned however there is the increased risk of tip wear due to the
increased load on the surface which the tip must exert.2ss

Summary

The use of HS-AFMs carrying out nanolithography will begin to play a greater role in material science, as significantly
larger areas are now able to be altered and written to. It is envisaged that HS-AFM nanolithography will soon
provide a similar level of usability and functionality than is provided by conventional 3D printers, to pattern surfaces
with custom nano-structure textures. While currently the sample throughput is not up to industrial rates, it does
have the ability to rapidly experiment with nanostructures on surfaces, possibly creating prototype functional
material surfaces before up-scaling to conventional manufacturing processes. Nanolithography also has the
possibility to succeed at small scale conventional IC manufacturing and product development processes, as it has a
resolution that exceeds all the current mask based manufacturing methodsi46 at a far lower cost and energy
requirement.

Future of HS-AFM

While many imaging, mapping and lithography modes from standard AFMs have been incorporated into HS-AFMs,
there are others that could greatly benefit the field of material science. Many of the current limitations on the image
quality and speed of imaging are merely due to engineering challenges that can be overcome, however, some are
due to the physical properties of the materials and sizes of the components used, this is most obvious in the
cantilevers used. The current trend towards using small cantilevers to up the speed of intermittent contact HS-AFMs
will reach a limit when it is no longer practical to align a laser onto the back of the cantilever and mount the
cantilever within the HS-AFM. Although we may see a limit to the available speeds of HS-AFM there will be a push to
gather more information from the sample while imaging. This section will outline briefly these methods.

Multimodal imaging

Although there are some exceptions,s6,90,91 the control loops of intermittent and non-contact AFMs and HS-AFMs
require at least one full oscillation per pixel. As cantilever and detection technologies develop, it should be possible
to measure the cantilever’s response to surface forces at frequencies other than the driving frequency on an
intermittent contact mode HS-AFM. This technique, known as multimodal AFM2s9-261 is able to construct maps of
multiple material properties simultaneously2ss across the sample on conventional AFMs. In order for higher modes
to be observed in an intermittent contact HS-AFM, a very high-bandwidth detection system and an FPGA-based lock-
in amplifier will be required to measure resonances in excess of 10 MHz.

Electrical properties

By using a conductive cantilever, such as one coated in platinum or gold it is possible to map the electrical properties
of the sample1se,187,262-264 on a standard AFM. Currently the noise floor of the transimpedance amplifiers necessary
to amplify the picoamp current flowing through the cantilever tip is too high to allow the megapixel sample rates
required by HS-AFM. Non-contact electrical measurements such as electrostatic force microscopy (EFM)zes could be
used at high-speed by interleaving line scans in contact mode or intermittent contact mode then lifting a small
distance from the surface to measure the electrostatic force between the surface and a conductive biased
cantilever. The short time between height measurements and electrical measurements would minimise drift in the
measurements but would also require a very accurate control loop to maintain the surface-tip separation. Research
would also have to be undertaken in order to mitigate the excitation of the cantilever from the control loops
response to rough surfaces.



Tip scanning

Due to the requirements of aligning a laser onto the back of most cantilevers used in HS-AFMs, the majority of HS-
AFMs use a sample scanning method to build up the final image (as discussed previously). However this places
limitations on the size and mass of the samples that can be imaged. A tip scanning AFM could instead be placed onto
a static sample and hence any size of sample could be imaged. Some advances towards tip scanning HS-AFMs have
been maders,i67and it is expected that the ability to scan arbitrary large objects will drive the development of
further tip scanning HS-AFMs.

Summary

The most likely developments of HS-AFM for use in material science over the coming years will be in the increased
usability of the tool, as its acceptance in the field increases. The second most important development will be in the
continuing drive for quantitative, not just qualitative, property maps. These have also been the key goals of
conventional AFMs as they have developed over the last three decades.

There are situations within materials research where AFMs have been found to be the best tool to carry out
characterisationzss except for their sample throughput. It is expected that in time the uptake of HS-AFM technology
will enable new standalone sample specific tools (for example a box that characterises nanoparticles) to become
available that can rapidly carry out the characterisation of nanomaterials with no compromise in resolution. These
tools will allow the material scientist new ways to assess failure mechanisms, new materials, coatings and processes.
Key areas in which HS-AFM would be able to aid current material research challenges would be in the analysis of:
nanoparticles (size and shape simultaneously), biomaterial research (in vivo mechanical maps), surface coatings
(quality control), materials for energy storage (nano-pore measurements), smart martials (real-time observation of
the materials response). This list is by no means exhaustive, the current limitation is in the number of HS-AFMs
available to the materials research community, a fact that will hopefully be overcome in time.

Conclusion

Since their invention, AFM has moved far from its beginnings of mapping just sample topography and is now able to
map a whole host of material properties. Very soon after its invention it became clear that its main limiting factor
was the speed at which it operates, due to the hard work of many research groups globally the pixel rate of AFM has
increased from 1 pixel per second in 19871 to tens of megapixels per second today.s7 This increased pixel rate can
now provide either video rate imaging of dynamic events or images of macro sized surfaces with nanoscale
resolution. HS-AFM is now becoming a tool that is of use to many different industries, not just academic research,
especially in the field of material science. It is the author’s opinion that HS-AFM is still very much in its infancy and
that, just as the SEM has enabled huge academic and industrial leaps in material science, HS-AFM will soon follow
suit and enable a greater understanding of materials at the nano and micro scale.
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